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FOREWORD 

The Physics Summary is issued several t imes per year 

for the information of the members of the Division and a limited number 

of other persons interested in the progress of the work. It includes 

short repor ts on highlights of the current r e sea rch , abs t racts or short 

sumnnaries of oral presentations at meet ings, abstracts of papers 

recently accepted for publication, and publication notices of papers 

appearing in recent journals and books. Many of these repor ts cover 

work still in p rogress ; the resul ts and data they present a re therefore 

pre l iminary, tentative, and often incomplete. 

The re sea rch presented in any one issue of the Summary 

is only a small random sample of the work of the Physics Division. For 

a comprehensive overview, the reader is refer red to the ANL Physics 

Division Annual Review issued each summer , the most recent being 

Argonne National Laboratory Report ANL-7728, which repor ts r e sea rch 

in the year ending 31 March 197 0. 

The issuance of these reports is not intended to constitute 

publication in any sense of the word. Final resul ts will be submitted 

for publication in regular professional journals o r , in special c a s e s , 

presented in ANL Topical Reports . 
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Highlights 

I. RESEARCH HIGHLIGHTS 

These r e sea rch highlights a re Physics Division contribu­
tions to the Physical Research Monthly Report which the Laboratory 
Direc tor ' s Office sends to the Division of Research of the U. S. Atomic 
Energy Commission. They report interesting work that is currently in 
progress or that has just been completed. 

THE LOW-ENERGY PHYSICS RESEARCH PROGRAM AT CP-5 

After 15 years of operation, the r e sea rch reactor CP-5 

was shut down in January 1969 in order that the facility could be thor­

oughly rehabili tated. During the following 22 months, the control and 

primary-cooling systems were rebuilt , the ventilation and e lec t r ica l -

distribution systems were modified, the containment shell was improved, 

the beam-gate drives were replaced, the rabbit facilities were rebuilt , 

and the operating charac te r i s t ics connected with the safety of the 

reactor were thoroughly studied. The reactor was brought back to 

regular full-power operation in late October 1970. The long down time 

of the reactor did not result in any important improvements in reactor 

cha rac te r i s t i c s , from the point of view of the use r , but presumably the 

rebuilding "will lead to many more years of useful operation. 

In the past , r e sea rch supported by the Low-Energy 

Physics program has been one of the major activities at C P - 5 , and 

this productive program will continue. The renewed r e sea rch falls 

into two general a r ea s : (a) fundamental experiments with thermal 

neutrons and (b) studies of neutron-capture y r ays . A third area that 

was formerly important , the measurement of neutron c ross sections 

with a fast neutron chopper, has been discontinued for lack of the 

manpower required to justify the costs involved in maintaining the 

equipment. 
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p - u n d a m e n t c O ^ ^ x p e r i i ^ ^ 

Jus t before the r e a c t o r was shut down, t h r e e fundamen ta l 

• A onf at r P - 5 - (1) a s tudy of t he w e a k i n t e r -
e x p e r i m e n t s w e r e c a r r i e d out at i^f D. \ } 

act ion by m e a s u r i n g the a s y m m e t r i e s in the decay of p o l a r i z e d n e u t r o n s , 

,2 , a s e a r c h for pa r i ty n o n c o n s e r v a t i o n in the s t r o n g ^ i n t e r a c t i o n by 

observ ing the pa r i t y - fo rb idden a decay of a s t a t e in O, and (3) a 

m e a s u r e m e n t of Delbruck s c a t t e r i n g . In v iew of the i n t e r e s t and i m p o r ­

tance of these e x p e r i m e n t s , they a l l a r e being r e p e a t e d wi th i m p r o v e d 

equipment and t echn iques developed dur ing the r e a c t o r shu tdown . T h e s e 

a r e d e s c r i b e d individual ly in the next t h r e e p a r a g r a p h s . 

DelbrSck s c a t t e r i n g (H. E. J a c k s o n and K. J . W e t z e l ) . 

This p r o c e s s is the e l a s t i c s c a t t e r i n g of photons by the C o u l o m b f ie ld 

of the nuc l eus . The effect was f i r s t o b s e r v e d c l e a r l y in an e x p e r i m e n t 

c a r r i e d out at C P - 5 in 1968. The e x p e r i m e n t h a s b e e n i m p r o v e d g r e a t l y 

by the i n s t a l l a t i on of a new c o U i m a t i o n s y s t e m and a b e t t e r d e t e c t o r . 

A ref ined new set of m e a s u r e m e n t s was c o m p l e t e d d u r i n g the f i r s t two 

mon ths af ter the r e a c t o r r e s u m e d o p e r a t i o n ( N o v e m b e r and D e c e m b e r 

1970), and t h e s e new data a r e be ing a n a l y z e d . In add i t i on t o p r o v i d i n g 
238 

in fo rma t ion about the e l a s t i c s c a t t e r i n g of 10. 8 -MeV pho tons by U, 

the new data wi l l give an a c c u r a t e m e a s u r e m e n t of t he c r o s s s e c t i o n 

for i ne l a s t i c s c a t t e r i n g (nuc lea r R a m a n s c a t t e r i n g ) to t h e f i r s t e x c i t e d 

s t a t e , an e n t i r e l y new kind of i n f o r m a t i o n . 

P a r i t y n o n c o n s e r v a t i o n (R. E. S e g e l , E . L . S e g e l , 

W. C o r w i n , and L. Greenwood) . The e x p e r i m e n t a t C P - 5 i n v o l v e s an 

effort to m e a s u r e the d e g r e e of p a r i t y n o n c o n s e r v a t i o n in t he s t r o n g 

i n t e r a c t i o n by de tec t ing the e x t r e m e l y ^veak p a r i t y - f o r b i d d e n Q d e c a y 

of the 2 s t a t e at 8. 8 MeV in O. Th i s s t a t e i s f o r m e d by the (3 d e c a y 

of the N nuc le i that a r e g e n e r a t e d in the r e a c t o r c o r e by the r e a c t i o n 
19 16 

F ( n , a ) N. Dur ing the p a s t y e a r , the e x p e r i m e n t h a s b e e n i m p r o v e d 

g rea t l y by the solut ion of the t e c h n i c a l p r o b l e m s invo lved in t he c o l l e c t i o n 

of the ac t ive N a t o m s of i n t e r e s t . The new m e a s u r e m e n t s , which 
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will s tar t in February 1971, a re expected to yield data of very much 

better accuracy than have been obtained heretofore. 

Decay of polarized neutrons (V. E. Krohn and G. R. 

Ringo). Various paramete rs of the weak interaction can be obtained 

from the asymmet r ies in the decay of polarized neutrons. For a 

number of reasons—the best of which may be the puzzling decay of 

the K part icle—the weak interaction is as interesting as anything 

in physics today. The decay of the free neutron gives the best available 

chance to measure accurately the fundamental parameters of the 

non-strange weak interaction. Three of the paramete rs a re obtainable 

from correlat ion measurements on the decay of polarized neutrons, 

and hence there is great interest in improving the accuracy of such 

measurement s . The experiment completed at CP-5 in 1968 had many 

refined features but, because it was cut off by the shutdown of the 

r eac to r , it did not have the hoped-for stat ist ical accuracy. Thus, a 

new ser ies of nneasurements will soon be started with an improved 

polar izer . 

Neutron-Capture y Rays 

Research on neutron-capture y rays is car r ied out at 

CP-5 with four major experimental systems—probably the world 's 

most refined and varied experimental setup for neutron-capture y-ray 

spectroscopy. The status of each of these systems is outlined below. 

Internal- target facility (L. M. Bollinger, G. E. Thomas, 

and R. K. Smither). This system is used for the measurement of 

high-energy (n.y) t ransi t ions in general , and in par t icular for the 

measurement of average- resonance-cap ture spec t r a—i .e . , the spectra 

from the capture of neutrons in a group of resonances . During the 

shutdown of the r eac to r , a large body of data obtained with this system 

was analyzed. The resul ts have shown the power of the average-

resonance-capture method for determining the spins and par i t ies of 
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low-energy nuclear states. Measurements of this kind have been 

resumed. 

Bent-crystal spectrometer (R. K. Smither and D. L. 

Bushnell). During the shutdown, substantial improvements in the 

system were carried out. These include improvements in the sou rce -

handling system, the aim being to provide better geometr ical stability 

of the source. Also, the electronic control system was modified. 

During December, exploratory measurements were made on a new 

diffraction crystal; and new studies of nuclear energy levels will 

commence in February. 

Ge(Li)-Ge(Li) coincidence system (H. H. Bolotin). 

During the shutdown this highly developed coincidence system (the f irs t 

of its kind) was improved by the expansion of the da ta-s torage ma t r ix 

and by conversion to computer-compatible tape. 

Internal-conversion spectrometer (S. B. Burson) . 

This instrument is a new kind of spectrometer in which in ternal -convers ion 

electrons are funneled onto a solid-state detector by means of a super ­

conducting solenoid magnet. Because of its large acceptance angle 

and the fact that all energies a re recorded simultaneously, this sys tem 

has a much higher detection efficiency than the competing magnetic 

spectrographs. Also, the capability of carrying out (3-Y coincidences 

is an important advantage. Pre l iminary tes ts ca r r ied out before the 

reactor was shut down showed that the spectrometer itself works well , 

but the background counting rate was higher than was des i red . To 

correct this difficulty, the thermal column at which the spec t romete r 

was located was completely rebuilt during the shutdown. If this effort 

was successful, as expected, we will have an intense beam of the rmal 

neutrons that is exceptionally free of unwanted fast neutrons and gamma 

radiation. The improved system will be used intensively during the 

next six nnonths. • 



Reports at Meetings 

The abst racts and summaries that follow are not neces­
sarily identical to those subnnitted for the meeting. In some cases , 
the authors have corrected or expanded abs t rac ts ; and summaries of 
contributed papers commonly have been shortened. 

I I . REPORTS AT MEETINGS 

Fourth International Symposium on Light Medium Mass Nuclei 

University of Kansas, Lawrence, Kansas, 12 —14 October 1970 

LIFETIMES OF BOUND STATES 
R. E. Segel 

Electromagnetic transit ions between low-lying states 

in the 20 ^ A * 40 region have been surveyed. Omitting isospin-forbidden 

and/or isospin-unfavored t ransi t ions, it was found that El transit ions 

a re on the average inhibited by a factor of several thousand relative to 

single-part icle speed. An average Ml transit ion proceeds at a few 

percent of single-part icle speed, though f ome occur as fast as single-

part icle speed. E 2 and E3 transit ions a re generally enhanced. It was 

found that M2 transit ions do not show the inhibition that is present when 

such transit ions occur in heavier nuclei. Four M3 transit ions have 

been identified; two of these are enhanced. 

In the region 19 ^ A * 26, the r igid-rotator model works 

very well and relative transit ion rates a re accurately predicted. An 
23 exception appears to be Na, and it is speculated that this discrepancy 

may be due to experimental e r r o r . There is definitive evidence that 

the rigid rotator does not do a good job in predicting transit ion rates 

over the remainder of the sd shell. At the high end of the shell , the 

spherical shell model has had some success . Recent resul ts obtained 

at Argonne show that the relative transit ion rates among states in the 
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"(ird ) (vf , )" quar te t do not fit the m o d e l within a f a c t o r of 2 , 

even when effective m o m e n t s a r e u sed . This r e s u l t is in c o n t r a s t to 
40 

the s u c c e s s of the model in connect ing the s p e c t r u m of K wi th t h a t 
38 

of Cl through the Pandya t r a n s f o r m a t i o n . It i s thus c o n c l u d e d t h a t 

effective m o m e n t s and effective c h a r g e s cannot be e x p e c t e d to p r e d i c t 

t r ans i t i on r a t e s to be t t e r than a f ac to r of 2. 
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Division of Nuclear Physics , American Physical Society 

Houston, Texas, 15 — 17 October 1970 

ELASTIC AND INELASTIC SCATTERING OF ' ^ N, ' 5 isf, AND > ^ O 
FROM ^ 'S i 

K. O. Groeneveld, '" A. Richter,' ' ' R. H. Siemssen, and G. 
Stoppenhagen 

Bull. Am. Phys. Soc. J_5, 1676-1677 (1970) 

In order to study the influence of the projectiles on the 

inelastic heavy-ion scattering, the elastic and inelastic scattering of 

N, N, and O from Si have been measured at incident energies 

E( N) = 40 and 48 MeV, E( N) = 40. 95 and 49. 3 MeV, and E( O) 

= 40 and 55 MeV. Angular distributions for angles between 15 and 

100 were obtained for the elastic scattering and between 35 and 100 
+ 14,15 16 + 15 16 

for inelastic scattering to the 2 ( N, O) and the 4 ( N, O) 
28 

levels in Si. For each of the systems studied, well-developed diffrac­
tion patterns a re found for the elastic and 2 inelastic angular dis t r ibu­
tions at the higher of the two incident energies. The data are being 
subjected to optical-model and coupled-channel calculations. 

On leave of absence from the Institut fiir Kernphysik der Universitat , 
Frankfurt , Germany. 

On leave of absence from the Max-Planck-lnsti tut fur Kernphysik, 
Heidelberg, Germany. 

F U R T H E R ' D E V E L O P M E N T S I N THE ENERGY-LEVEL STATISTIC A.(n) 
J. E. Monahan and N. Rosenzweig 

Bull. Am. Phys. Soc. J_5̂ , 1668 (1970) 

A convenient method has been devised for computing 

all the values of A(n) which a r i se in a "single" ser ies of N energy levels . 

The value of A(n) averaged with respect to all possible sub-sequences 

of n successive spacings provides an empirical estinnate A (n) of the 

' J . E. Monahan and N. Rosenzweig, Phys. Rev. C l , 1714(1970). 
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2, 
e n s e m b l e a v e r a g e <A(n)> of Ref. 1. The quanti ty {[A''(n) - <A(n)>] ) 

i s s m a l l if n « N and i ts value depends a l so on the c o r r e l a t i o n be tween 

s p a c i n g s . A ca lcu la t ion of A*(n) based on the n e u t r o n - c a p t u r e data for 

' ^ ^ E r obtained recent ly^ at the Columbia Nevis s y n c h r o - c y c l o t r o n 

r e v e a l s the s h a r p d e c r e a s e of (A(n)) as n i n c r e a s e s f rom 1 to 10, a s 

J 1 1 •!-„.. laTop n A (n) v i ewed a s p r e d i c t e d by the r a n d o m - m a t r i x mode l . ' F o r l a r g e n,iv yi } 

a function of the m e a n spac ing D has a s h a r p m i n i m u m in the n e i g h b o r h o o d 

of the a r i t h m e t i c m e a n . 

^ L . J . R a i n w a t e r , p r i v a t e comnnunicat ion. 

47 45 3 , 4 7 ^ . 
A STUDY OF THE y DECAY OF Ti BY USE OF THE Sc( H e , p y ) Ti 
REACTION 

L. M e y e r - S c h i i t z m e i s t e r , J . W. Smi th , G. Hard ie , ' • ' and H. 
Siefkent 

Bull . Am. P h y s . Soc. ^ i , ' 6 7 3 (1970) 

47 
The y decay of s e v e r a l l eve l s in Ti h a s b e e n s t u d i e d 

45 3 47 3 

with the Sc( He,pY) Ti r e a c t i o n induced by the 17-MeV He b e a m 

from the Argonne t a n d e m a c c e l e r a t o r . By de t ec t i ng the g a m m a s in 

a l a rge Ge(Li) d e t e c t o r in co inc idence with p r o t o n s a t 0 , we w e r e a b l e 
47 

to o b s e r v e the y decay of the Ti s t a t e s that w e r e s t r o n g l y popu l a t ed 
with o r b i t a l - a n g u l a r - m o m e n t u m t r a n s f e r L = 0 . Sonne of t h e s e l e v e l s 

np 

decay s t rong ly to lower lying s t a t e s , whose y decay w a s a l s o s t u d i e d . 

Thus we have m e a s u r e d the y decay of the l e v e l s at 7 . 370 MeV ( i s o b a r i c 

ana log) , 3 . 2 2 0 , 2 . 8 3 5 , 2 . 6 1 2 , 1 .447, and 1.249 MeV. Since e i t h e r t h e 
3 

c r o s s s ec t i ons for populat ing the l e v e l s by the ( H e , p ) r e a c t i o n a r e 

s m a l l (namely 22 , 57, and 33 )j,b/sr at 7 to the i n c o m i n g b e a m for 

the 2. 6 1 2 - , 2. 8 3 5 - , and 3. 220-MeV l e v e l s , r e s p e c t i v e l y ) or t he y 

decay is f r agmen ted (as it i s for the 7. 37-MeV s t a t e wi th o" = 390 | xb / s r 
* 

W e s t e r n Michigan U n i v e r s i t y , K a l a m a z o o , Mich i g an . 

Greenv i l l e Co l lege , G r e e n v i l l e , I l l i no i s . 
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at 7 ), the measured y spectra (except those from the 1.249- and 

1.447-MeV states) suffer from low counting r a t e s . 

Within our stat is t ical e r r o r , which might amount to 

10 —15% of the total y decay for each of the s ta tes , we observed no 

direct ground-state transit ions except from the 2.835-MeV state. 

Instead, transit ions to the first excited state at 159 keV were observed 

from all levels , with the possible exception of the 3. 220-MeV level. 

The complexity of the y decay of the analog state at 7. 37 MeV indicates 

that the strong Ml transit ion to the state with the same nucleon 

configuration but lower T is absent—though such a transit ion is observed 

in the sd-shel l nuclei. 

Most of the studied states show large spectroscopic 

factors for single-nucleon transfer react ions, and it is likely that 

these can be described by rather simple nucleon configurations. For 

this reason, the y decay of these levels can be investigated theoretically. 

We a re in the process of comparing such calculations with our resu l t s . 

IDENTIFICATION AND DISTORTED-WAVE ANALYSIS OF UNNATURAL-
PARITY STATES IN sSNi 

M. M. Stautberg 
Bull. Am. Phys. Soc. j_5, 1681 (1970) 

The 2. 900 (1), 3. 414 (3), and 3. 773 (3) MeV inelastic 
CO 

proton angular distributions of Ni were analyzed with DW theory, 

and are best character ized by L = 2, L = 2 + 4, and L = 2 dis torted-

wave curves , respectively. The known values^ of J a re shown in 

parentheses . Since the L transfer is even, these states have positive 

parity. The microscopic distorted--wave analysis using Hamada-Johnston 

and Gaussian real is t ic interactions was carr ied out with the wave 

• O. N. Jarvis e t a l . , Nucl. Phys. A102, 625 (1967). 

^D. M. VanPatter e t a l . , Nucl. Phys. A137, 353 (1969). 
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functions of Aue rbach . ' The s m a l l n e s s of the p r e d i c t e d c r o s s s e c t i o n s 

(only ~ 0 . 1% of the e x p e r i m e n t a l values) shows the n e c e s s i t y of i nc lud ing 

c o r e effects . In the d i s t o r t e d - w a v e ca l cu l a t i ons for the 3 s t a t e s , 

the L = 4 contr ibut ion is l a r g e r than the L = 2 c o n t r i b u t i o n . A n t i s y m m e t r i -

zat ion was included in an a p p r o x i m a t e way with a 6- funct ion p s e u d o -

potent ia l . The a v e r a g e r a t io s ir^lcr,. a r e 0. 8 , 1. 6, and 2. 6 for 
E d i r e c t 

L = 0, 2, and 4 , r e spec t ive ly . 

' N . Auerbach , P h y s . Rev. 163, 1203 (1967). 
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17th National Vacuum Symposium, Surface Science 

Washington, D . C , 20 — 23 October 1970 

HIGH-ENERGY ION-IMPACT PHENOMENA 
M. Kaminsky 

Journal of Vacuum Science and Technology 

Energetic (MeV) ions penetrating through solids undergo 

certain pr imary processes (e .g . , energy loss and charge exchange) 

and cause various secondary phenomena (e. g. , sputtering, secondary-

electron emission, and x-ray emission). In an amorphous solid the 

projectile will change its direction in successive collisions randomly; 

in a monocrystal l ine solid the projectile can be guided by the regular 

lattice a r rangement , e . g . , through the spaces between the planes 

(planar channeling) or along channels formed by paral lel rows of atoms 

(axial channeling). In such cases the impact pa ramete rs of successive 

collisions can become correlated and their distribution is not random. 

Such directional effects ("channeling" effects) can in turn affect certain 

pr imary and secondary p roces ses . The experimental and theoret ical 

studies of sonrie of these processes (e .g. , ion ranges , backscattering 

of pr imary ions, energy loss , x - ray emission, radiation damage, and 

nuclear reactions) have been reviewed recently. ' ' 

The influence of channeling on the energy loss and on the 

yields of sputtering and secondary-electron emission is i l lustrated in 

Fig. 1. In this case protons a re incident normal to different c rys ta l lo-

graphic planes of copper monocrysta ls . The angular spread of the 

incident proton beam was <C0. 01 and the angle of incidence was defined 

to <0 . 1 . The energy loss of protons penetrating through thin mono-

crystall ine copper foils was measured for proton energies ranging 

11 

' R. S. Nelson, The Observation of Atomic Collisions in Crystall ine 
Solids (North-Holland Publishing Company, Amsterdam, 1968). 

^ G. Car ter and J. S. Colligon, Ion Bonnbardments of Solids 
(American Elsevier Publishing Company, New York, 1968). 

3 S. Datz, C. Erginsoy, G. Leibfried, and H. O. Lutz, Ann. Rev. 
Nucl. Sci. 17, 129 (1967). 
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Fig. 1. The mean 
stopping power, the 
total secondary-
electron yield, and 
the total sputtering 
yield when protons 
(incident with energy 
E) penetrate through 
copper monocrystals 
with their surfaces 
paral lel to the indi­
cated crysta l planes. 
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from 0. 30 — 1. 50 MeV. Over twice the area struck by the beam, each 

foil thickness varied by < 3%. The protons emerging from the foils 

were coUimated before being analyzed with a sur face-bar r ie r solid-state 

detector. The experimental arrangement to measure the energy loss 

and the secondary-particle yields has been described previously. •* 

One notices in Fig. 1 that the energy-loss rate and the 

secondary-particle yields decrease in the order [ H I ] > [ 100] > [110] , 

which is the same order in which the transparency of the lattice along 

the respective directions becomes larger . The resul ts suggest that the 

production mechanism of internal secondary part icles has a strong 

influence on the observed orientation dependence of the yields. To gain 

further insight into the processes that slow down an ion penetrating a 

monocrystalline solid, charge-transfer processes have been studied by 

^M. Kaminsky, in Recent Developments in Mass Spectroscopy, P r o ­
ceedings of the International Conference on Mass Spectroscopy, Kyoto, 
8 — 12 September 1969, edited by K. Ogata and T. Hayakawa (University 
Park Press , Baltimore/Tokyo, 1970), pp. 1167 - 1172; Advan. Mass 
Spectrometry 2, 69 (1966); Phys. Rev. 126, 1267(1962). 
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severa l authors . ' For example, in the experiments described by 

Kaminsky, 5 deuterium part ic les ennerging from monocrystal l ine Ni(llO) 

or polycrystalline Ni foils with energies ranging from 90 to 800 keV 

were electrostat ical ly analyzed according to their charge state and the 

rat io R(emergent beam) = D°/(D'' + D"*") was determined. The obser ­

vation that the R values for the monocrystalline foil were substantially 

lower than for the polycrystalline foil suggests a lower electron-capture 

probability for ions t ravers ing and escaping from regions of lower 

electron density (e. g. , the centers of lattice channels). 

Certain secondary phenomena induced by energetic-ion 

impact on polycrystalline mater ia l s may play an important role in 

the erosion of satellite surfaces , of accelera tor components, and of 

the vacuum walls of thermonuclear fusion reac to r s . 

5 For exannple, S. Datz, T. S. Noggle, and C D. Moak, Nucl. Instr . 
Methods 38 ,̂ 221 (1965); H. O. Lutz, S. Datz, C D. Moak, T. S. 
Noggle, and L. C Northcliff, Bull. Am. Phys. Soc. j_l^, 177 (1969); 
F . W. Mart in, Phys. Rev. Let ters 22_, 329 (1969); M. Kaminsky, Bull. 
Am. Phys. Soc. L4, 846 (1969). 
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Di\dsionof^la^ma^^2i>[^^ 
Washington, D . C , 4—7 November 1970 

RADIOFREQUENCY CONFINEMENT AND STOCHASTIC HEATING OF 
PLASMAS 

Albert J. Hatch 
Bull. Am. Phys. Soc. ^ , 1407 (1970) 

Radiofrequency confinement of electrons in a low-density 

plasma is usually treated in terms of a qua si-potential $ which r e p r e ­

sents the period-averaged energy of an electron oscillating coll isionlessly 

in an rf field. Elastic collisions between electrons and neutral gas 

molecules in an rf field result in stochastic heating of the former , the 

average energy gain per collision being twice the period-averaged 

oscillatory energy. For any finite electron-neutral collision frequency, 

one possible adverse effect of stochastic heating on rf confinement 

is that the energy of an electron may be increased to twice the depth 

of the $ well in a time as short as the collision period. Another possible 

effect is that ionization (gaseous breakdown) may occur in the vicinity 

of the $ well. Another is that the resulting ionization may cause a 

serious alteration of the field that establishes the $ well. Any one of 

these effects appears to preclude steady-state rf confinement of p lasmas . 
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Division of Electron and Atomic Phys ics , American Physical Society 

Seattle, 23—25 November 1970 

HYPERFINE STRUCTURE OF ' ^ ^ ' ^^^Nd 
W. J. Childs 

Bull. Am. Phys. Soc. j_5, 1521 (1970) 

Spalding's a tomic-beam magnet ic-resonance work' 
4 2 5 143 145 

on the hfs of the lowest t e rm (4f 6s I) of ' Nd is being refined 

and extended to include all states of the multiplet. The listed hyperfine-

interaction constants A and B and g factors g will be compared with 

the theory. The uncertainties given are two standard deviations. The 

results will be compared with predictions based on Conway's eigen­

vectors for the s ta tes . 

Isotope 

'^^Nd 

'^'m 

J 

4 

5 

6 

7 

8 

4 

5 

6 

7 

A (MHz) 

- 1 9 5 . 6 5 2 ( 2 ) 

- 1 5 3 . 679(2) 

- 1 3 0 . 611(2) 

- 1 1 7 . 604(2) 

- 1 1 0 . 4 ± 0. 2 

- 1 2 1 . 628(2) 

- 9 5 . 535(2) 

- 8 1 . 195(2) 

- 7 3 . 108(2) 

B (MHz) 

122. 608(34) 

115. 741(36) 

119. 284(46) 

129.281(48) 

141 . 9 ± 6. 2 

64. 637(28) 

6 1 . 044(42) 

62. 926(58) 

68 . 165(74) 

0. 

0. 

1. 

1. 

1. 

h 

60329(4) 

90047(6) 

06990(4) 

17537(4) 

24521(10)^ 

a , 144 , 
M e a s u r e d in Nd. 

' I . J . S p a l d i n g , P r o c . P h y s . Soc . (London) 8j_, 1 5 6 ( 1 9 6 3 ) . 
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254^ 
LANDE g FACTOR OF F m 

L. S. Goodman, H. Diamond, '" H. E. S tanton , and M. S. F r e d ' " 
Bull. Am. P h y s . Soc. j_5> ' 5 2 1 (1970) 

The a t o m i c - b e a m m a g n e t i c - r e s o n a n c e m e t h o d has b e e n 

used to m e a s u r e the Lande g fac tor of f e r m i u m in i t s a t o m i c g round 

s ta te . The exper imenta l value g = 1. 16052 ± 0. 00014 is in good a g r e e ­

ment with the value 1. 163 ca lcu la ted for the H, l eve l of t he c o n f i e u -
12 2 6 S 

ra t ion 5f 7s by use of ex t rapo la ted p a r a m e t e r s . The g va lue is n e a r 

the LS l imit 1. 167 because the only o the r J = 6 l eve l of the c o n f i g u r a t i o n 

is 30 000 cm above the ground s t a t e . A new a t o m i c - b e a m i n s t r u m e n t 

allowed detect ion of t r a n s m i t t e d a l p h a - p a r t i c l e r a d i o a c t i v i t y f r o m 
-9 254 

5 X 1 0 -g cha rges of 3 .24-h F m . A b e a m of z e r o - v a l e n t f e r m i u m 

a toms was obtained by heat ing F m F ^ and i t s HoF c a r r i e r in t he 

p re sence of z i rcon ium ca rb ide and tungs ten . 
Chemis t ry Division. 
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Division of Nuclear Phys ics , American Physical Society 

New Orleans, 23—25 November 197 0 

REACTION SYMMETRIES FOR ISOSPIN-MULTIPLET PRODUCTION 
A. Richter'' ' 

Bull. Am. Phys. Soc. | ^ , 1317 (1970) 

Consider a reaction of the type a + b *-* c + c' in which 
the initial states a, b have definite channel-isospin parity T7_ = (-) , 
the isospin parity is conserved throughout the reaction, and c and c' 
a re members of the same isospin multiplet and obey the usual ladder-
operator relat ions. In such a case the Barshay-Temmer theorem 
predicts that the angular distributions of the reaction products c and c' 
will be symmetr ic about 90° in the c m . system. This theorem has 
been tested experimentally at several laboratories for reactions involving 
the fermion doublets ' H e - t , ' 'Be- ' 'L i , and ' ' N - ' ' C in the reactions 
a(d,t)3He, ' " 3 ( 0 , ' L i ) ' B e , and ' ^ c(i * N , ' ' C ) ' ' N, respectively. The 
predicted symmetry was observed in the second and third of these 
reactions while the first shows sizable charge-asymmetry effects at 
higher energies . The theorem and its experimental tests will be d i s ­
cussed together with the implication of their resul t s . Possible violations 
of reaction symmetr ies a re considered. In the example of the reaction 
a (d , t ) 'He , it is shown that the effect of Coulomb forces must be estimated 
before observed asymmetr ies can be used to decide for or against the 
existence of isospin-violating nuclear forces. This is done in the 
specific example in t e rms of a simple distorted-wave Born approxi­
mation. Elastic scat ter ing, multipart icle pi*oduction in the final s ta te , 
and symmetry relations for polarizations a re also noted. Finally, the 
theorem will be extended to apply to the reaction symmetr ies for any 
multiplet production. 

This will be a brief review of our present understanding 

of symmetry relations in nuclear reactions involving the production of 

isospin multiplets . Studies of such synnmetry relations a re still in an 

early s tage, but they are extremely useful and rewarding in understanding 

effects of isospin symmetry breaking in reaction mechanisms and in 

spectroscopy involving complex nuclei. Hence they complennent the 

Presen t address : Max-Planck-Insti tut fiir Kernphysik, Heidelberg. 
The work reported here was done while on leave of absence at Argonne. 
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.arious other means of exploring the full role of isospin in nuclear 

' ' ' ' ' " • ' The talk will be divided into five sections. We first 

note the existence of symmetry relations in reactions of the type 

a , b r c + C, and remark on the Barshay-Temmer isospin theorem 

,• f =3 section II contains the experimental evidence and its implications.^ Section ii 
1 .,.,,= ;,r,d a detailed discussion of the production for those symmetry relations and a aetaii ^^ ^ _̂  

of the isospin fermion doublets C ^ ^ - ^ g . s . ' ^g .s . g . s . ' 
and "̂ Li - "̂ Be . In Section 111 we consider possible symmetry 

Tolations'and em'phasize the experimental evidence for isospin-breaking 

effects in the production of the mass-3 fermion doublet Tg_^ - He^^ ^ . 

In Section IV we treat those charge-asymmetry effects in a simple 

model based on the distorted-wave Born approximation. Finally 

(Section V), we note the existence of general symmetry relations for 

any multiplet production. 

The experiments discussed he re , which were performed 

at Argonne, result from a collaboration with H. T. Fortune and B. 

Zeldman; the theoretical aspects of the problems were studied in 

collaboration with C M. Vincent and with D. Robson from The Florida 

State University. I am very much indebted to all of my collaborators. 

I. Symmetry Relations for Isospin-Multiplet Production 

Consider the two-body nuclear reaction a + b -* c + c' 

or its inverse. If the product nuclei c and c' a re members of the 

same isospin multiplet, if the initial state a + b has a definite channel-
T isospin parity ir = (-) , where T is even or odd only, and if the 

isospin parity is conserved throughout the reaction, then the angular 

'See , for example, Isospin in Nuclear Phys ics , edited by D. H. 
Wilkinson (North-Holland Publishing Company, Amsterdam, 1970). 

^S. Barshay and G. M. Temmer , Phys. Rev. Letters | ^ , 728(1964). 

' D . Robson and A. Richter , Ann. Phys. (N. Y. ), in p re s s . 
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distr ibutions for the reaction products c and c' will be syminetric about 

90 in the c m . system. That i s , 

do- (e)/du) = do- (Tr-9)/du, (1) 
c c 

do- ,(9)/d(j = do- ,(Tr-9)/du. (2) 
c c 

(This theorem w^as noted explicitly by Barshay and Temmer^ in 1964 

but was implicit in cer ta in ear l ie r papers , e. g. , in one by Peshkin* 

in 1961. Robson and the author ' have recently proved it in several 

ways and generalized i t . ) The condition of definite channel isospin in 

the initial channel can be achieved if the isospin of either part icle a 

or par t ic le b is ze ro , but the channel-isospin parity is also definite 

when a and b a re two like charge states^ >^ with T = iT I , i. e. , when 
I z ' 

both a and b have either components T , T , > O o r T , T , < 0 . 
za zb za zb 

For pract ical purposes it is useful to res ta te the symmetry 

theorem. Instead of requiring fore-and-aft symmetry for the production 

of either c or c ' , we use the purely kinematic relation 
do- (9)/du = do- ,(iT-e)/d(j (3) 

c c' 
and require that at a fixed scattering angle 8, the transi t ion ra tes 
leading to the production of c and c' have to be equal, i . e . , 

[do- (9)/du]/[do-^,(9)/du] = 1. (4) 

In fact, almost all experiments performed to date use this relation 

instead of testing the symmetry of do- (9) or do- ,{9) by measur ing it 

between 0 and ir. The experimental advantage is that detecting par t ic les 

c and c' simultaneously with the same detecting system considerably 

reduces the experimental e r r o r s result ing from uncertainties in the 

*M. Peshkin, Phys. Rev. 121, 636 (1961). 

5W. von Oertzen, Z. Physik 228, 182 (1969). 

' S . M. Bilenkii, L. I. Lapidus, R. M. Ryndin, and L. Sh. Shekhter, 
Soviet J. Nucl. Phys. 4, 763 (1967). 
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scattering angle and solid angle, problems of detector efficiency, 

and the like. Avoiding these e r r o r s , which otherwise would show 

up in a comparison of absolute cross sections, makes a high-precision 

experiment possible. 

Symmetry relations for polarization P and for higher 

rank tensor characteristics of reactions of the type a •̂  b - c -f c' can 

also be obtained. As in deriving the Barshay-Temmer theorem, 

Eqs. (1) and (2), the requirements are (1) that c and c' belong to the 

same isospin multiplet, (2) that the channel-isospin parity -a^ is 

odd or even only, and (3) that w is conserved in the reaction; and an 

additional requirement is that the spins of c and c' a re nonzero. 

Under these conditions, it follows that 

P^(9) = -P^(ir-9), (5) 

P^,W = -P^,h-d). (6) 

These polarization relations' are included for completeness only. 

II. Experimental Production of C- N and L i - Be Multiplets 

To date, only three measurements of differential c ross 

sections have been made to test the Barshay-Temmer theorem. Two 

of these will now be discussed. 

The mass-13 ground-state doublet was studied by 

von Oertzen etal_. •' in the reaction 

C -1 N ^ C + N , (7) 
g-s- g- s. ' * ' 

with the initial system C + "̂ N prepared in a T = 0 state. The angular 

distributions (upper half of Fig. 2) for the production of '^C and 
13 g . s . 

'^g. s. ^^^ virtually the same (within the e r r o r bars) out to scat ter ing 
angles 9^ ^ =, 30°. The ratio o-( ^^C)/o-('^N) is unity (lower half of 

'W. von Oertzen, J. C Jaqmar t , M. Liu, F . Pougheon, J. C. 
Roynette, and M. Riou, Phys. Le t te rs 28B, 482 (1969); Nucl. Phys . 
A143, 34 (1970). 
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«-''C('*N."C,..)"N,... 

• - '^C( '^."N, . , )"C, . , 
E,. =78 MeV 

[VON OERTZEN ilqL, 
NUCL. PHYS. AI43. 34<I970)] 

0.1 

LM-tj, ..»_LL 

figure) and hence compatible with 

the predictions of the theorem. 

This result confirms three things. 

F i r s t , the states of the mass -13 

ground-state doublet a re very true 

noirror s ta tes , i. e. , they are 

connected by a simple rotation in 

isospin space. Second, and this is 

closely connected to the first point 

and emerges from a model 

calculation, the difference between 

the wave functions of the t r a n s ­

ferred neutron and proton in the 
1 - 1 3 ^ , 13 . m i r r o r nuclei C and N is 

smaller than 0. 8% at an interaction 

1/3 

radius (r ~ 1. 65 A ) charac te r ­

istic for a heavy-ion transfer 

reaction. And third, the Coulomb 

interaction, which is of course 

isospin symmetry breaking, seems 

to play a negligible role in the 

transfer of the proton at energies 

well above the Coulomb ba r r i e r . 
This experiment 

13 13 

used a magnet and did not record the product nuclei C and N 

simultaneously. At the same t ime, we studied the Barshay-Temmer 

theorem for the isospin doublets of the mass -7 ground state and first 

excited state via the reactions 

1.5 

.SU 0.5 

0° 20' 

Fig. 2. Results of the experiment 
of von Oertzen et al. (Ref. 7b) 
on the mass-13 ground-state 
douBlet. The upper graphs 
show the differential cross 
sections for the indicated 
react ions, the lower one is a 
plot of the ratios of these cross 
sections. 

10 
a -* Li 

7 
+ Be Q = -16. 2 MeV, (8) 
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I.Op-

1.5 

b|3 0.5 

*-°B(a, Li,..,) Be,.,. 

•-!°B(«/Be,...) 'Li,., 

E =45.7 MeV 

K x ^ 

_L 

ind 

10. 
7 „ 

+ Be^ ' B -̂  a-* Lio_48 -̂  ^ = 0 . 4 3 ' 

induced by 45 . 7 -MeV a lpha 

p a r t i c l e s . 8 The p roduc t nuc l e i 

f rom both r e a c t i o n s w e r e d e t e c t e d 

s i m u l t a n e o u s l y wi th the s a m e 

s o l i d - s t a t e coun te r t e l e s c o p e . 

P a r t i c l e s w e r e ident i f ied via a 

p u l s e - m u l t i p l i e r (dE/dx) • E 

s y s t e m . 

The a n g u l a r 

d i s t r i b u t i o n s for the g r o u n d - s t a t e 

t r a n s i t i o n s , t a k e n in 1 s t e p s 

f rom 8 to 23 in t he l a b o r a t o r y 

s y s t e m , a r e shown in F i g . 3, 

In the u p p e r p a r t of the f i g u r e , 

the d i f f e ren t i a l c r o s s s e c t i o n 

do-/du) in m b / s r h a s been p lo t ted 

a s a funct ion of s c a t t e r i n g a n g l e . 

F i l l e d and open c i r c l e s c o r r e s p o n d 

to the two g round-s ta te t r a n s i t i o n s . The s h a p e s and m a g n i t u d e s of the 

two angular d is t r ibut ions a r e a l m o s t i den t i ca l w i th in the e x p e r i m e n t a l 

e r r o r s , which r e su l t main ly f rom count ing s t a t i s t i c s and f rom b a c k ­

ground subt rac t ion . Even though the a b s o l u t e c r o s s s e c t i o n given is 

uncer ta in to about 20%, th is u n c e r t a i n t y i s not p r e s e n t in the m e a s u r e ­

ment of re la t ive c r o s s s e c t i o n s . The r a t i o be tween the c r o s s s e c t i o n s 

for the two g. s. t r a n s i t i o n s has been p lo t ted in the l o w e r p a r t of t h i s 

f igure. There a r e no s i zab le d e p a r t u r e s of th i s r a t i o f r o m u n i t y , though 

(9) 

40° 

Fig. 3. Angular d is t r ibut ions for 
the g round-s ta te "> B -f a r e a c ­
tions leading to the m a s s - 7 
doublet. The differential c r o s s 
sections a r e shown in the upper 
c u r v e s , the ra t io of c r o s s 
sections in the lower . 

' H . T. F o r t u n e , A. R i c h t e r , and B . Z e l d m a n , P h y s . L e t t e r s 3 0 B , 
175 (1969). 
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s l i gh t l y m o r e Li s e e m s to be 

p r o d u c e d . We note tha t the shape 

of the a n g u l a r d i s t r i b u t i o n is 

t y p i c a l of a d i r e c t r e a c t i o n . 

Much a s for the 

g . s . t r a n s i t i o n s , we a l s o o b s e r v e d 

s y m m e t r y about 90 (or equa l i ty 

for c and c ' a s e x p e c t e d f rom the 

equ iva len t f o r m u l a t i o n of the 

t h e o r e m ) of the a n g u l a r d i s t r i b u ­

t i o n s for p r o d u c i n g the f i r s t -

e x c i t e d - s t a t e double t in the m a s s - 7 

sys tenn . F i g u r e 4 connpares the 

two c r o s s s e c t i o n s , which a r e 

f a i r l y low and w e r e difficult to 

m e a s u r e and h e n c e a r e qui te 

u n c e r t a i n . It i s w o r t h not ing tha t 

the b e h a v i o r of the a n g u l a r d i s ­

t r i b u t i o n going to i s t a t e s is 

d i s t i n c t l y d i f fe ren t f r o m tha t of 

t r a n s i t i o n s to the |- g round s t a t e . 

We conc lude f r o m t h o s e r e s u l t s t h a t , as in the c a s e for the p r o d u c t i o n 

of the m a s s - 1 3 g r o u n d - s t a t e i s o s p i n d o u b l e t s , the s y m m e t r y of the 

a n g u l a r d i s t r i b u t i o n s t h e o r e t i c a l l y p r e d i c t e d is n e a r l y c o n f i r m e d ; the 

s l igh t a s y m m e t r y for the g. s . t r a n s i t i o n s i s m o s t l ike ly due to the 

i s o s p i n - s y m m e t r y - b r e a k i n g Cou lomb i n t e r a c t i o n . (The i m p o r t a n c e of 

such effects wi l l be exp la ined in de t a i l in Sec . IV. ) We a l s o have 

e v i d e n c e tha t the o b s e r v e d s y m m e t r y in the a n g u l a r d i s t r i b u t i o n s is 

due to no o the r r e a s o n s than the ones s t a t ed in conjunct ion •with the 

t h e o r e m — n a m e l y the def in i te i s o s p i n - c h a n n e l p a r i t y and the fact that 

the p r o d u c t nuc l e i be long to the s a m e i s o b a r i c m u l t i p l e t . A 

40 60 
8, 

F i g . 4. S a m e a s F i g . 3 excep t 
t ha t the da ta a r e for the p r o ­
duc t ion of the m a s s - 7 double t 
in the f i r s t exc i t ed s t a t e . 
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O - " B I ' H e . ' L i , , I B . j | , 

. _ " B ( ' H . / B . , , . I ^ L I , , . 

E. . 3 5 . 2 5 MeV 

" O " o « 

Fig . 5. Angular d i s t r i b u t i o n s for 
the g r o u n d - s t a t e ' ' B -I- ' He 
r e a c t i o n s leading to the m a s s - 7 
doublet . 

compound-nucleus reac t ion which would lead to a s y m m e t r i c a n g u l a r 

dis t r ibut ion under ce r ta in conditions is unl ikely b e c a u s e the s h a p e s of 

the angular d is t r ibut ions a r e typical of a d i r e c t r e a c t i o n . 
3 

With 35 .3 -MeV He p a r t i c l e s f rom the A r g o n n e c y c l o t r o n , 

we have also studied the reac t ion 

' ' B + ^ H e - ^ L i + "^Be , Q = - 7 . 1 MeV, (10) 
g . s . g . s . 

in which the channe l - i sosp in pa r i ty is not def ini te in the e n t r a n c e channe l 

because of T. = 0 , 1. F igu re 5 shows the a n g u l a r d i s t r i b u t i o n s for the 

m i r r o r t r ans i t ions ; the re is abso lu te ly no equa l i ty of the c r o s s s e c t i o n s . 
12 , 7 7 

The r eac t i on C -F d -• Li + Be has j u s t been 
g. s. g. s . 

m e a s u r e d at E , = 39. 1 MeV a s a t e s t of the B a r s h a y - T e m m e r t h e o r e m , 
d 

P r e l i m i n a r y ana lys i s ind ica te s that the r a t i o R = [do-( Li)/du)] /[do-( Be) /du ] 
7 

is unity except at forward a n g l e s , w h e r e m o r e Li s e e m s to be p r o d u c e d . 

The data seem to follow the s a m e t r e n d a s that r e p o r t e d for the r e a c t i o n 
10^ 7 . 7 

B-f a-» Ll + Be (J . C. Young, p r i v a t e c o m m u n i c a t i o n ) , 
g. s . g. s. ' ^' ^ 

One in t e re s t ing a spec t of th i s r e s u l t i s tha t if any i s o s p i n v io la t ion in 
the deuteron is caused by a p o l a r i z a t i o n of the n - p p a i r in the C o u l o m b 

12 
field of C, this v io la t ion is s m a l l — i n e s s e n t i a l a g r e e m e n t wi th a 
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quantitative prediction by Drachmann [Phys . Rev. Let ters 17, 1017 

(1966)] . A T = l isospin impurity in the deuteron ground state would 
12 

have resulted in a nondefinite channel-isospin parity in the C -̂  d 

channel and would have caused asymmetr ies in the angular distr ibutions. 

Having collected evidence for the near symmetry in the 

production of the mass -13 and mass -7 isospin mult iplets , and having 

given arguments that this symmetry is connected to isospin invariance 

and not due to overriding reasons , we conclude that the ground state of 
13 13 7 7 7 

C and N, of Li and Be, and of the first excited states of Li and 
7 

Be constitute t rue isospin doublets, i. e. , they a re truly identical 

except for their total charge nuimber. Fu r the rmore , it is concluded 

that the interaction causing the transit ion conserves isospin also. 

Those s tatements a re not always t rue , however, as will be discussed 

next. 

III. Isospin Violations and Evidence fronn the Production of the 

Multiplet T- 'He 

There a re four basic groups of isospin violations' leading 

to angular distributions that a re asymmetr ic about 90 (or unequal for 

c and c ' ) , namely (1) violations in the isospin of part icle a, (2) violations 

in the isospin of part icle b, (3) violations in the interaction operator , 

and (4) violations in the isospin and multiplet nature of part ic les c and 

c ' . A lack of isospin purity in the ground states of par t ic les a and b 

may resul t in asynnmetries about 90 because the isospin-channel 

pari ty is then indefinite. F u r t h e r m o r e , any violation of fore-aft 

symmetry will be angle dependent. To t rea t the violations in the 

interact ion opera tor , this operator is customarily split into a direct 

and a compound-nucleus part . Even then, it is difficult to t reat the 

violations due to these two p a r t s . ' There a re finally violations of the 

''A well-known exception occurs , ho-wever, if the compound-nucleus 
part is dominant and can be t reated within the Hauser-Feshbach s ta t is ­
t ical type of approach. In this situation, average c ross sections will 
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i sosp in of the mult iple t m e m b e r s c and c ' . These v io l a t i ons a p p e a r t o 

play a unique role s ince they de s t roy the bas ic s y m m e t r y r e l a t i o n b e t w e e n 

a m p l i t u d e s , in which oddness or evennes s about 9 = Tr/2 i s r e l a t e d to 

the i sosp in -channe l par i ty in the outgoing c h a n n e l s . E x p e r i m e n t a l l y 

those different groups of v io la t ions , which could o c c u r s i m u l t a n e o u s l y , 

of c o u r s e , usual ly a r e difficult to d i sen tang le in t e r m s of o b s e r v e d 

a s y m m e t r i e s . Despite these d i f f icul t ies , we wil l next d i s c u s s e v i d e n c e 

for the exis tence of violations of the types (3) and (4) in the p r o d u c t i o n 
3 

of the isodoublet T- He. 

Before turning to th is m a t t e r , le t us r e m a r k on the 

technical problem of defining a s y m m e t r i e s . In the e a r l i e r d i s c u s s i o n , 

a s y m m e t r i e s were defined in t e r m s of c r o s s - s e c t i o n r a t i o s , w h i c h 

have the disadvantage of not being convenien t ly n o r m a l i z e d . F o r t he 

case of complete angular d i s t r i b u t i o n s , we now adopt t he m o r e a p p e a l i n g 

definition 

W{d) = [cr(9) - o-(Tr-9)] /[o-(9) + o-(7r-e)] , (11) 

where a is the different ial c r o s s s ec t i on for e i t h e r ou tgo ing p a r t i c l e 

in a + b : ; c + c' and the d e t e c t o r s a r e s e t a t the con juga t e a n g l e s 6 

and TT-e. F o r the case in which p a r t i c l e s c and c ' a r e m e a s u r e d a t the 

same sca t t e r ing angle , we have a n a l o g o u s l y 

me) = [0-^(9) -<r^ , (9) ] / [o-^(9) + <r^,(9)]. (12) 

And from the k inema t i ca l r e l a t i o n . ^ (9 ) = , ^ , ( , - 9 ) we i m m e d i a t e l y get 

W(9) = -W(w-9) , (13, 

which s t a tes that the a n t i s y m m e t r y of W(9) about 9 = W 2 is t r u e for 

tZrJforTJ'lV. " " * " ^ - t i ° " « f r o - s t a t e s of o p p o s i t e p a r i t y and wi l l 
Itfons L ^ y " ^ - ^ t r y about W 2 i n d e p e n d e n t l y of i s o s p i n c o n s i d e r -
Z Z ; H f - " - l l y . s y m m e t r y about W 2 o c c u r s if the r e a c t i o n 
ampli tude involves only one p a r i t y o r if t he a m p l i t u d e s for each p a r i t y 
a r e W2 out of p h a s e . The i n t e r e s t h e r e , h o w e v e r , i s in e x p l a i n i n e 
deviat ions f rom s y m m e t r y about u / 2 . P >"g 
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Fig. 6. Angular distributions and asymmetr ies W(9) of the deuterons 
from the 'He(t,d)'*He reaction induced by tritons with energies between 
1 and 1.5 MeV. The curves are Legendre-polynomial fits. The data 
are from Ref. 10. 

any nuclear reaction a + b ^ c + c'—independent of multiplet production. 

In order to have a phase convention, we let' particle c be chosen such 

that T > T ,, with the low-energy convention t = +i for neutrons, 
zc zc' z ^ 

(However, some of the figures to be shown later were prepared on the 

basis of the reverse convention T < T ,. ) 
zc zc' 

Evidence that the symmetry predicted by the Barshay-
3 ._ 

Temmer theorem may be broken is found in studies of the He + t -• a -f d 
reaction. In Fig. 6, which displays the results from an accurate Russian 

3 4 
exper imen t , ' " angular distributions of the deuterons from He(t,d) He 

' " K i m San Nam, G. M. Osetinskii, and V. A. Sergeev, Soviet J. 
Nucl. Phys. ^ , 407 (1970). 
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Fig . 7. Angular d is t r ibu t ions and 
a s y m m e t r i e s from the a -I- d 
reac t ions . The data a r e f rom 
Oak Ridge (Ref. 12). 
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for t r i t on e n e r g i e s be tween 1 and 

1.5 MeV a r e given t o g e t h e r 

with Legendre po lynomia l f i t s . 

The i r r e s p e c t i v e a s y m m e t r i e s 

W(9) a r e shown d a s h e d . The 

a s y m m e t r i e s change qui te r a p i d l y 

as a function of e n e r g y , but 

(within the u n c e r t a i n t i e s ) t h e y 

often a r e c o m p a t i b l e wi th the 

B a r s h a y - T e m m e r p r e d i c t i o n 

W(9) = 0. The r e s u l t s f r o m an 

a -f d m e a s u r e m e n t p e r f o r m e d 

at P r i n c e t o n , ' ' in which the 

c m . e n e r g y i s s l i gh t ly h i g h e r 

than in the R u s s i a n m e a s u r e m e n t , 

show that the a s y m m e t r y is nnuch 

m o r e p r o n o u n c e d a n d c l e a r l y 

d i f ferent f rom z e r o . F i g u r e 7 

shows m e a s u r e m e n t s f rom Oak 

Ridge ' ^ at even h i g h e r e n e r g i e s 

(E = 82 MeV) . The a n g u l a r 

d is t r ibut ions for the outgoing He and t have c l e a r l y deve loped in to a 

pat tern c h a r a c t e r i s t i c of a d i r e c t r e a c t i o n , and the a s y m m e t r y is 

s izable . 

The charge a s y m m e t r i e s r e v e a l e d in the e x p e r i m e n t s 

at the lower ene rg i e s m o s t l ikely a r e p r e d o m i n a n t l y due to i s o s p i n 

mixing in the compound nucleus L i , which is exc i t ed only to about 

' ' G. J. Wagner , C F o s t e r , and B. G r e e n e b a u m , p r i v a t e c o m m u n i ­
cation. I thank Dr . Wagner for a l lowing nne to r e p o r t th is r e s u l t p r i o r 
to publication. 

' ^ E . E. G r o s s , E. N e w m a n , W. J. R o b e r t s , R. W. Ru t k o w s k i , and 
A. Zucker , P h y s . Rev . L e t t e r s 24 , 468 (1970). 
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17 MeV. They may therefore be attributed to the group of violations in 

the interaction operator . The charge asymmetr ies in the high-energy 

process a re caused, we believe, by violations in the isospin and 
3 

multiplet nature of the part icles t and He. The asymmetr ies a re 

surprisingly large in comparison to previous resul ts for the mass -13 

and m a s s - 7 sys tems . In the next section it will be shown that before 

the observed asymmet r ies can be used to decide for or against the 

existence of isospin-violating nuclear forces , it is necessary to est imate 

the effect of the Coulomb forces on the angular distribution of the 
3 

process a -̂  d -» t -f He. To this end we will construct the simplest 

possible model for this reaction and t reat it in the distorted-wave 

Born approximat ion. ' ' 

3 
IV. Model for a -f d 1; t + He at Higher Energies 

We suppose the system to be made up of four inert 

par t ic les : a neutron n, a proton p, and two deuterons d and d . 

That i s , as shown schematically in Fig. 8, the a part icle is composed 

of a neutron, a proton, and a deuteron. The Hamiltonian of the model 

has the form 

H = K-)-v - ^ v , - ^ v , - ^ v , - ^ v - ^ v , (14) 
np nd^ nd^ pd^ pd^ d^d^ 

where K is the total kinetic energy. 

Since d and d a re identical, it is necessary to symmetr ize 

the (d,t) t ransi t ion amplitude with respect to all their coordinates. 

Thus 

T , = T , ^ -FT , (15) 
dt d^t^ d^t^ 

where T j ^ is the amplitude for the reaction in which d is incident 
1 1 . 

on a, and a t r i ton containing d is emitted in a certain direction. In 

the same way (Fig. 8), T , ^ is the amplitude for the reaction in which 

' ' A . Richter and C M. Vincent, Phys. Rev. Let ters 25 ,̂ 1460(1970). 
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Fig. 8. Schematic diagram 
showing the meanings of the 
transition amplitudes 1 

, „DWBA "̂1 'i 
^ " ' ^ '•A t d, tz 

d is incident on a, and a triton containing d^ is emitted in the same 

direction as before. We use the DWBA to evaluate T j . and T^ . 
, , .^DWBA . ^ ^ ^ "̂  

in zero range. The final result for T^^ is 

DWBA ^ 1/2 
^dt = :̂ 

° o „ K x d ^ ( c r ) F ^ ( 7 ) X ^ 3 (r) 
t He 

+ S p ' ^ ' ° 0 p / d r X d , ( c r ) F p ( 7 ) x ' 3 ( - ) • 
t He 

(16) 

The transition amplitude consists of two terms involving spectroscopic 

factors, normalization factors, and form factors corresponding to the 

neutron and proton transfer. In addition, there are the normal distorted 

waves inthe scattering channels. This expression is evaluated by 

expanding the distorted waves in partial waves. The indicated replace­

ment of r by -r is then done by using the formula 

rLM 
(-r) = (-) 

LM 
(r), (17) 
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where U is a solid harmonic of order L and L is the orbital angular 

momentum of the a par t ic le . The transi t ion matr ix element, expressed 

as a linear combination of the overlap in tegra ls , may be written 

? = f(d^t^) + [{S^"^D,^)/{sJ'^D,^)]{-)'^i(d^t^). (18) 

_ 2 

Since the differential c ross section da/dy is proportional to If I , 

there a re interference t e rms between the two amplitudes, just as in 

the case of real identical par t ic les . 

While we can say little about the spectroscopic factors , 

the Coulomb force will certainly cause differences in the D(,'s and the 

F ' s in Eq. (16). Following a suggestion of Thompson and Her ing , '* we 

calculated them by the separat ion-energy method. The form factors 

were represented by 

F ^ - . ( V e n ) - . V ™ ^ ™ ^ ' ^ r ) , (19) 

F p - ^ ( t e p ) - , V « " ^ ™ ^ V ) . V ^ ° " V ) , (20, 

TTTTT T F T F N C OTT T 

where V and V are Hulth^n and Coulomb potentials, 
respectively; and the normalization factors were taken to be 

Do^ - (d ® n) - v " " ^ ' ^ " ^ ^ ( r ) - 159 MeV-F^, (21) 

D„^ -. (d e p) ^ V^ULTH^N^^, ^ V ^ ° " h r ) -. 145 M e V - F ^ (22) 

The difference between F and F is quite small except at large distances; 
n p 

it r i ses to ~7% at 10 F . It is not surpris ing that the Coulomb potential 

should have a la rger effect on the Dj, ' s . By a simple t ransformation 

one can wr i te ' ^ 
' ^W. J. Thompson and W. R. Hering, Phys. Rev. Let ters 24, 272 (197 0). 
' 5 An al ternat ive representat ion for the finite-range normalization 

constants would be D„ ^ = Jd7vNUC(r) ^ (̂r) and DQ = / d 7 [ v ' ^ U ^ ( r ) 
.̂ . YCOUL(i.)]i|j(r), where V^UC and vCOUL a re the nuclear and the 
Coulomb potentials , respectively. Of course , the Coulomb potential 
is the only one that is effective at large distances where the nucleon 
ta i ls of (d ffi n) and (d 0 p) a re different. 
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CA , < " ' 

^ U h . = 6 . 2 5 8 M e V a n d . = 5 . 4 9 3 M e V . The i n t e g r a l of the wave 

function IS very s i m i l a r for the c h a r g e d and u n c h a r g e d c a s e s , s i n c e 

the pe r tu rba t ion of the wave function a r i s e s th rough the s m a l l off^ 

diagonal e lements of the Coulomb po ten t ia l . In c o n t r a s t , the s e p a r a t i o n 

Z : : : ^ . is pe r tu rbed through a d iagonal e l e m e n t of the C o u l o m b p o t e n t i a l , 

and this is l a rge . 

Li t t le will be said about the o ther i n g r e d i e n t s for the 

calculat ions of the DWBA m a t r i x e l e m e n t . Since the r a n g e of the dn 

and dp in te rac t ions is not wel l known r e l a t i v e to the s i z e of t h e a p a r t i c l e , 

we co r r ec t ed for f in i t e - range effects by a m e t h o d d e v e l o p e d for Hu l th^n 

in te rac t ions . The d i s to r t ed waves w e r e c a l c u l a t e d f r o m W o o d s - S a x o n 

potent ia ls . P a r a m e t e r s for a -F d s c a t t e r i n g w e r e r e a s o n a b l y we l l 

known, those for ^He -1- t only poor ly . It can be s h o w n , ' *• h o w e v e r , 
3 

that the poor knowledge of the He + t p a r a m e t e r s does not m a k e any 

great difference in the conc lus ions . 

The effect and i m p o r t a n c e of i n t e r f e r e n c e i s d e m o n s t r a t e d 

in Fig. 9. The t h r e e c u r v e s c o r r e s p o n d r e s p e c t i v e l y to c a l c u l a t i n g t h e 
2 

c r o s s sect ion with an u n s y m m e t r i z e d a m p l i t u d e 11(9) I , to u s i n g 
2 2 

lf(9)[ + |f(iT-9)l , and to taking accoun t of the i n t e r f e r e n c e t e r m s 

proper ly . Only in the l a t t e r c a s e does the c o r r e c t p a t t e r n e m e r g e , 

as can be seen in F ig . 10, which shows the r e s u l t s of a DWBA c a l c u l a t i o n . 

' ' I n p lane-wave s t r i p p i n g , the r e l a t i v e m o m e n t u m c o m p o n e n t of a 
t r ans f e r r ed nucleon r e l a t i ve to the t r i t o n o r ' He in t he a p a r t i c l e a t 
Ejj = 82 MeV is such that one is a l m o s t a s c l o s e a s i s p h y s i c a l l y p o s s i b l e 
to the plane-wave pole for a H u l t h l n i n t e r n a l wave func t ion . T h e r e f o r e , 
from polology a r g u m e n t s , the d i s t o r t i o n ef fec ts shou ld be m i n i m a l a t 
forward angles . [See J. P . F . S e l l s c h o p and D. W. M i n g a y , P r o c e e d ­
ings of the Conference on D i r e c t I n t e r a c t i o n s and N u c l e a r R e a c t i o n 
Mechanisms, Padua , 1962, ed i ted by E . C l e m e n t e l and C Vil l i ( G o r d o n 
and Breach , Science P u b l i s h e r s , New Y o r k / L o n d o n , 1963) , p . 4 2 5 . ] 
I am indebted to Dr. W. J. T h o m p s o n for po in t ing t h i s out to m e . 
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Fig. 9. Effect of 
interference in 
calculating the 
cross section. 
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Fig. 10. Results for the 
D(a , 'He)T reaction at Ê ^ = 82 
MeV. The upper part shows the 
angular distribution together 
with a DWBA calculation with 
(S„' /2Do„)/(S ' /^Dop) = 1.05. 
The lower plot shows the exper­
imental values (points) and the 
theoretical prediction (curve) 
of the difference between the 'He 
and t yields. The experimental 
points in this figure a re taken 
from Fig. 1 of Ref. 12. The 
curve in the upper part c o r r e s ­
ponds to the detection of 'He. 

sl"°„/s;v.o5 



34 R e p o r t s at M e e t i n g s 

No in terna l cutoff was used in ca lcu la t ing the r a d i a l i n t e g r a l s . The 

posit ions and r e l a t ive heights of the m a x i m a a r e we l l r e p r o d u c e d . 

This feature s e e m s to be r a t h e r s t ab le aga ins t changes in the d e t a i l s 

of the calculat ion. 

We inves t iga ted the effects of inc luding a r e a s o n a b l e 

d -F a sp in-orbi t potent ia l , va r i ed the a b s o r p t i v e po ten t i a l by a f a c t o r 

of 2, changed all He + t potent ia l p a r a m e t e r s by ±10%, o m i t t e d the 

f in i te - range c o r r e c t i o n s , and used Woods-Saxon p o t e n t i a l s to g e n e r a t e 

the form fac to r s . F o u r o ther He -I- t po ten t i a l s f r o m the l i t e r a t u r e 

were a lso used. In al l these ca se s the ba s i c s t r u c t u r e of the a n g u l a r 

d is t r ibut ions p e r s i s t e d , al though changes in the ^He -̂  t p o t e n t i a l s 

produced some shift in the m a x i m a n e a r 45° and 135°. We w e r e even 

able to r ep roduce the angu la r d i s t r i bu t i on by us ing p lane w a v e s for 

"da ^""^ V n e " ""^ in t roduced an inner cutoff at about 3. 5 F . The 

stabil i ty of the r e su l t g ives us some conf idence tha t the c r u d i t y of 

our calculat ion will not inval ida te i t . 

In the p r e s e n t e x t r e m e c l u s t e r m o d e l , in wh ich the 

deuterons a r e r ega rded as e l e m e n t a r y p a r t i c l e s , the s p e c t r o s c o p i c 

factors S^ and S^ may r e a c h m a x i m u m va lues of 1. The r a t i o of e x p e r i ­

menta l values to our t h e o r e t i c a l va lues is ^ 0 . 8, a s a t i s f a c t o r y r e s u l t 

in view of the notor ious sens i t iv i ty of s p e c t r o s c o p i c f a c t o r s to t he 

dis tor t ing potent ia l s . 

The bottom p a r t of F i g . 10 shows the e x p e r i m e n t a l and 

theoret ica l dif ferences between the V and t y . e l d s . The t h e o r e t i c a l 

a symmet ry is in general ^f n ,„ 
t h . r , g ^ " " - l ° f the c o r r e c t s i gn . Mos t of it c o m e s f r o m 
the Coulomb effect on the r a t i o (S ' ^ ^ D M,^ ^^^r. . 

' sys tem. The i m p o r t a n c e of 
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Our simple model can explain the major part of the 

observed asymmet ry , but it is not yet adequate to probe the isospin-

violating part of the nuclear forces by first accurately removing the 

Coulomb effects. There a re some obvious deficiencies of the model. 

F i r s t ly , it is not entirely satisfactory to put the zero range into the 

d-plus-nucleon ver t i ces , since the correct angular dependence of the 

violation is very sensitive to the interference and should result basically 

from the different nucleon tails in the wave functions in the m a s s - 3 

system. Secondly, the local-energy approximation does not correct ly 

take account of angle-dependent effects in the finite range. 

But even within the framework of the DWBA, the model 

obviously can be improved in several r espec t s , and the success of the 

present extrennely simple version seenns to justify the effort involved. 

Several possibil i t ies for improvement a re obvious. True finite-range 

calculations a re needed for rea l i sm in discussing such light nuclei. ' '' 

It may be necessa ry to antisyminetrize between the target and projectile 

nucleons. The use of more real is t ic models of the 3- and 4-part icle 

bound states would permit a better t reatment of the Coulomb per turba­

tion and thus would enable the form factors io be calculated without 

resor t ing to the separat ion-energy method. Better knowledge of the 

distorting potentials would be of great value. Since the fore-aft 

a symmet ry depends chiefly on the T = 1 part of x 3„ > the isospin 
t He 

dependence of the He -1- t potential is important. Polarization 
' ' F i n i t e - r a n g e calculations for the process ' H e - F t - * a - f d performed 

at Florida State University a r e fairly successful (M. Werby, D. Robson, 
and S. Edwards , private communication). In those calculations (a) the 
f inite-range DWBA was used with exchange and recoil effects included, 
(b) all interactions were assumed to be spin-independent and of Woods-
Saxon shape, and for the potentials generating free and bound states 
a Coulomb potential for a uniform charge distribution was used, (c) 
knock-out and optical correct ion t e r m s as well as pickup were included 
for both direct and exchange t e r m s , (d) the interaction causing the 
r ea r rangemen t was taken to be charge independent, (e) nonlocalities 
•were included in the conventional sense , and (f) spectroscopic factors 
for direct and exchange amplitudes were taken to be equal in magnitude. 
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m e a s u r e m e n t s would be r e q u i r e d in o r d e r to gain i n f o r m a t i o n on the 

isospin dependence. 

As a final commen t in th is s e c t i o n , we note tha t the 

d iscuss ion of s y m m e t r y - b r e a k i n g Coulomb effects in the n o t o r i o u s 

m a s s - 3 system m e r e l y exempl i f ies t h e s e effects in the g e n e r a l i t y of 

i sospin-mul t ip le t product ion. 

V. Genera l S y m m e t r y Re la t ions and C o n c l u s i o n s 

T h e r e is l i t t le space left to m e n t i o n e x t e n s i o n s and m o r e 

applications of s y m m e t r y r e l a t i o n s . ' One can show tha t e l a s t i c s c a t t e r ­

ing, mul t ipar t i c le product ion in the final s t a t e , s y m m e t r y r e l a t i o n s for 

po la r iza t ions , and s u b s t r u c t u r e s y i n m e t r i e s can a l l be d i s c u s s e d w i th in 

the f ramework of the i sosp in t h e o r e m s t a t ed in Sec . I. The t h e o r e m 

has an extension in the case of mul t ip l e t p r o d u c t i o n invo lv ing e l e m e n t a r y 

pa r t i c l e s , and the re a r e a l so a p p r o x i m a t e s y m m e t r i e s for m u l t i p l e t 

production. 

The purpose of the d i s c u s s i o n was to e m p h a s i z e how by 

simple means the i sospin s y m m e t r y and d e v i a t i o n s f r o m it g ive spec i f i c 

information about r eac t ion m e c h a n i s m s and s p e c t r o s c o p y . The r e a c t i o n s 

of the B a r s h a y - T e m m e r type , involving the p r o d u c t i o n of i s o s p i n -

multiplet or i s o b a r i c - a n a l o g s t a t e s , have two unique p r o p e r t i e s u s u a l l y 

not available in ( d , t ) , (d. He) , or o the r conven t iona l r e a c t i o n s to a n a l o g 

s ta tes . ' F i r s t l y , the final p a r t i c l e s a r e the s a m e for both r e a c t i o n s 

and consequently the Coulomb i n t e r a c t i o n in the f inal c h a n n e l i s t he 

same, and so is the Q value . Secondly , the fact tha t t he a m p l i t u d e s 

of the two react ions add cohe ren t l y should e n h a n c e t he s e n s i t i v i t y to 

violations of the s y m m e t r y about 90° . 

I c lose with a plea for a r e a c t i o n theory that inc ludes 

the full role of isospin. Only then can w e hope to connec t t he p r o b l e m 

of isospin symmet ry in complex nuc le i to the e l e m e n t a r y p r o b l e m s of 

charge symmetry and cha rge i n d e p e n d e n c e . 
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GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN ^^Si, ^ ' S i , 
AND ' ° Si 

G. B. Beard and G. E. Thomas 
Nucl. Phys. (197 0) 

Thermal-neutron-capture y rays from separated isotopes 
of silicon have been investigated. The resul ts for the ^ 'Si(n, y)^''Si 
reaction agreed well with those from other recent investigations in 
which natural silicon or enriched ^ 'S i were used as t a rge t s . The use 
of targets enriched in ^ 'S i and ' ° Si markedly increased the sensitivity 
for detection of y rays from excited states of ' ° Si and ' ' Si. A total 
of 28 Y rays were seen i n the ' " Si(n, y)^''Si reaction, of which 17 a r e 
included in the level d iagram. For the ' ° Si(n, y ) ' ' Si reaction, 14 
t ransi t ions were observed and 13 of these a re included in the accom­
panying level diagram. The neutron binding energies for the silicon 
isotopes -were found to be 

B (^' Si) = 8474. 3 ± 0. 5 keV, 

B ('"Si) = 10610.2 + 0.7 keV, 

B ( "S i ) = 6589.3 ± 0 . 7 keV. 

GAMMA RAYS FROM NEUTRON CAPTURE IN RESONANCES 
Lowell M. Bollinger 

Experimental Neutron Resonance Spectroscopy 
(Academic P r e s s Inc. , New York, 1970), Chap. IV 

This ar t ic le is a 110-page contribution to the book 
Experimental Neutron Resonance Spectroscopy, edited by J. A. Harvey 
and published by Academic P r e s s , Inc. The ar t icle is a complete and 
cr i t ica l review of the experimental information (available up to April 
1968) on the charac te r i s t i cs and uses of y rays resulting from the 
capture of neutrons in resonances . 

The subjects covered in the paper a re indicated by the 
following outline. 
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I. General c h a r a c t e r i s t i c s of n e u t r o n - c a p t u r e y r a y s 
II. Appara tus 

A. M e a s u r e m e n t s with s l o w - n e u t r o n s p e c t r o m e t e r s 
1. Sources of neu t rons 
2. G a m m a - r a y s p e c t r o m e t e r s 
3. Information s t o r a g e and s o r t i n g 

B. M e a s u r e m e n t s with pulsed e l e c t r o s t a t i c a c c e l e r a t o r s 
C. M e a s u r e m e n t s with f i l t e red r e a c t o r n e u t r o n s 

1. Neu t ron -beam e x p e r i m e n t s 
2. I n t e r n a l - t a r g e t a r r a n g e m e n t 

III. Analysis of spec t r a 
IV. Exper imenta l r e s u l t s 

A. High-energy t r a n s i t i o n s 
1. Dis t r ibut ion of p a r t i a l r a d i a t i o n wid ths 
2. In te r fe rence between r e s o n a n c e s 
3. Co r r e l a t i on of p a r t i a l r a d i a t i o n wid ths 
4. Average widths for E l t r a n s i t i o n s 

a. Dependence on level spac ing 
b. Dependence on y - r a y e n e r g y and n u c l e a r s i z e 

5. Influence of nuc l ea r s t r u c t u r e 
a. Anomalously s t r o n g t r a n s i t i o n s 
b. Co r r e l a t i on with the n e u t r o n width 
c. In t e r f e rence effects 

6. MI and E2 t r a n s i t i o n s 
B. Stat is t ical c h a r a c t e r i s t i c s of y - r a y c a s c a d e s 

1. Total rad ia t ion widths 
2. Mult ipl ici ty 
3. Average y - r a y in tens i ty 
4. Intensi ty of l o w - e n e r g y l ines 

C. Determina t ion of n e u t r o n - r e s o n a n c e p a r a m e t e r s 
1. Isotopic a s s i g n m e n t 
2. Spin a s s i g n m e n t 
3. P a r i t y a s s i g n m e n t 

D. Study of bound s t a t e s 
1. Low-energy y r a y s 
2. High-energy y r a y s 

3. A v e r a g e - r e s o n a n c e - c a p t u r e s p e c t r a 

COULOMB EXCITATION OF L E V E L S IN ' O . p , 
H. H. Bolotin and D. A. M c C l u r e 

Phys . Rev. 

hy means of C o u l o m b ' e x c S i o T " ' ' ' ' ^ ' " °^ ' ° ' ^'^ ^"^ - v e s t i g a t e d 
exci ta t ion us ing 4. 4 - 8 . 0 MeV a - p a r t i c l e 
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p r o j e c t i l e s . The y - r a y s p e c t r u m r e s u l t i n g f r o m the d e - e x c i t a t i o n of 
t h e s e l e v e l s w a s r e c o r d e d a t e a c h b o m b a r d i n g e n e r g y wi th the a id of 
a l a r g e - v o l u m e , h i g h - r e s o l u t i o n Ge(Li) d e t e c t o r . T h i r t e e n t r a n s i t i o n s 
w e r e o b s e r v e d t h a t r e s u l t f r o m d i r e c t E2 e x c i t a t i o n of t en exc i t ed 
s ta te s up to an e x c i t a t i o n e n e r g y of 782 k e V . The B(E2f) v a l u e s f r o m 
t h e g r o u n d s t a t e to e a c h of t h e s e t e n l e v e l s was d e t e r m i n e d . S e v e r a l 
E 2 t r a n s i t i o n s w e r e found to be s t r o n g l y e n h a n c e d ove r e s t i m a t e s of 
s i n g l e - p a r t i c l e s p e e d , a p a t t e r n s u g g e s t i v e of c o l l e c t i v e b e h a v i o r . The 
m e a s u r e d B(E2) v a l u e s , t o g e t h e r wi th s o m e i n f e r r e d M l t r a n s i t i o n 
s p e e d s , a r e c o m p a r e d wi th p r e d i c t i o n s of a w e a k - c o u p l i n g c o r e - e x c i t a t i o n 
m o d e l . 

USE OF THE T W O - F R E Q U E N C Y TECHNIQUE OF PRIOR ET A L . 
F O R H F S INVESTIGATIONS OF ATOMS WITH I N T E G R A L J 

W. J. Ch i lds 
P h y s . R e v . 

It i s shown tha t in u s i n g the t w o - f r e q u e n c y t e c h n i q u e 
of P r i o r et a l . for i n v e s t i g a t i o n of the hype r f ine s t r u c t u r e of a t o m s 
wi th i n t e g r a l J , any r e s o n a n c e o b s e r v e d m a y a r i s e fronn a t w o - q u a n t u m 
t r a n s i t i o n (v -I- vci = A E / h ; v t- va) r a t h e r than f ro in two s u c c e s s i v e 

^ a p a p ' 
s i n g l e - q u a n t u m j u m p s . Al though th i s f e a t u r e r e q u i r e s tha t c a r e be 
u s e d in i n t e r p r e t i n g the o b s e r v e d r e s o n a n c e f r e q u e n c i e s , it a p p e a r s 
to ex tend t h e u s e f u l n e s s of t he t e chn ique a s - a s p e c t r o s c o p i c t o o l . 

H Y P E R F I N E AND Z E E M A N STUDIES OF L O W - L Y I N G ATOMIC L E V E L S 
O F " ' L a , AND THE N U C L E A R E L E C T R I C - Q U A D R U P O L E M O M E N T 

W. J . Ch i lds a n d L. S. G o o d m a n 
P h y s . R e v . 

The a t o m i c - b e a m m a g n e t i c - r e s o n a n c e t e c h n i q u e h a s 
b e e n u s e d to d e t e r m i n e the h y p e r f i n e - i n t e r a c t i o n c o n s t a n t s A, B , and 
C , and e l e c t r o n g v a l u e s g . for a l l p r e v i o u s l y u n s t u d i e d a t o m i c l e v e l s 
of I '• ' La be low 9000 c m - ' . The r e s u l t s a r e a n a l y z e d in d e t a i l in t e r m s 
of a se t of e i g e n v e c t o r s s p a n n i n g the t h r e e c o n f i g u r a t i o n s 5d6s^ , 5 d ^ 6 s , 
a n d 5d5 . C o r r e c t i o n s for h y p e r f i n e and Z e e m a n i n t e r a c t i o n s b e t w e e n 
a l l l o w - l y i n g s t a t e s a r e c a r r i e d out in i n t e r m e d i a t e coupl ing . The 
v a l u e d e d u c e d f r o m the o b s e r v e d h y p e r f i n e s t r u c t u r e for Q, the ' ' ' La 
n u c l e a r g r o u n d - s t a t e e l e c t r i c - q u a d r u p o l e m o m e n t , i s in f luenced s t r o n g l y 
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by taking account of (a) the l a r g e , r e c e n t l y found con f igu ra t i on m i x i n g 
between 5 d 6 s ^ 5d^6s , and S d ' , and (b) the r a t h e r s u b s t a n t i a l S t e r n h e . m e r 
shielding effects. The effects (a) and (b), though both about 30%, a r e 
in opposite d i rec t ions and pa r t i a l l y c a n c e l . The va lue ob ta ined is 
Q = -1-0. 22 ± 0. 03 b. Although the o r d e r of c o n s i s t e n c y b e t w e e n the 
exper imenta l r e s u l t s and theo ry is e n c o u r a g i n g , a n u m b e r of p r o b l e m s 

r e m a i n . 

E F F E C T OF THERMAL ENERGY ON l O N I Z A T I O N - E F F I C I E N C Y 
CURVES OF FRAGMENT IONS 

W. A. Chupka 
J. Chem. P h y s . (15 F e b r u a r y 1971) 

The effect of t h e r m a l ene rgy on the s h a p e of p h o t o i o n i z a t i o n -
efficiency cu rves is ana lyzed . S e v e r a l m e t h o d s for d e t e r m i n i n g 
th resholds for d e - t h e r m a l i z e d ion iza t ion -e f f i c i ency c u r v e s a r e p r e s e n t e d . 
The assumpt ions and app rox ima t ions u s e d a r e exp l i c i t ly s t a t e d for 
each method. The effect of t h e r m a l ene rgy on the p h o t o i o n i z a t i o n -
efficiency cu rves of some a lkanes is ana lyzed and the r e s u l t s a r e in 
fair ag reemen t with the hypothes i s that t h e r m a l e n e r g y is fully e f fec t ive 
in the d issocia t ion of the pa ren t i ons . 

CONVERGENCE OF THE SASAKAWA EXPANSION F O R T H E S C A T T E R ­
ING AMPLITUDE 

F . Coes t e r 
Phys . Rev. C ( F e b r u a r y 1971) 

Sasakawa has r e w r i t t e n S c h r S d i n g e r ' s i n t e g r a l e q u a t i o n 
in such a manner that the inhomogeneous t e r m h a s the a s y m p t o t i c 
behavior of the exact s c a t t e r i n g wave funct ion. Th i s p a p e r g i v e s a 
proof that the i t e ra t ive solut ion for the s c a t t e r i n g a m p l i t u d e c o n v e r g e s 
for al l local potent ia ls for which the funct ion r V ( r ) i s a b s o l u t e l y i n t e g r a b l e . 
a H i l L r ^ f ; ^ ° " < ^ ^ " ° - '^- k " " e l of the S a s a k a w a e q u a t i o n i s 
a HUbert-Schmidt ke rne l . The i n t e g r a l equa t ion i s c o n v e n i e n t for 

r e r r e " e n t a t " " ' " ^ ° " ' ^ ' ' " " ' ' ' " ' r e p r e s e n t a t i o n and the m o m e n t u m 
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PROTON STRIPPING STRENGTHS FOR LEVELS OF " C 
J. R. Comfort, H. T. For tune , J. V. Maher, and B. Zeldman 

Phys. Rev. C 

States of ' ' C were studied with the ' ' 'B( 'He ,d ) ' ' C 
reaction at a bombarding energy of 2 1 MeV. The data were found to 
favor the assignments J'"' = j and | to the levels at 8. 65 and 8. 69 
MeV, respectively. A distorted-wave analysis of the angular dis t r ibu­
tions for negat ive-pari ty states in ' ' C yielded spectroscopic factors 
whose relative values agreed well with the predictions of Cohen and 
Kurath, even though the excited-state energies were found to be in 
better agreement with the predictions of the unified rotational model. 

ENERGY LEVELS IN '<C1 FROM THE " S( 'He, d)'« c l REACTION: 
A STUDY OF THE (d3y2)^ AND THE d^ ^^i., ^^ INTERACTION 

J. R. Ersk ine , D. J. Croz ier , J. P. Schiffer, and W. P . 
Alford* 

Phys. Rev. C 

The energy levels of '*C1 have been studied with the 
" S( 'He, d) '^ Cl reaction induced by the 14-MeV ' He beam of the Argonne 
tandem Van de Graaff acce le ra tor . An Enge split-pole magnetic spec­
t rograph was used to record the deuteron spectra at scattering angles 
of 10—65° in 5° s teps. An overall energy resolution width of 17 keV 
was achieved. Twenty-six levels up to an excitation energy of 4. 6 
MeV were observed and their spectroscopic factors were extracted. 
The r e s u l t s , when combined with previously known spin information, 
enable us to locate the major components of (dj i^ )̂  and d̂  ŷ  f̂  ŷ  
configurations. The two-body matr ix elements obtained here a re 
compared with other two-body data in nearby nuclei and with calculated 
ma t r ix e lements . 

University of Rochester , Rochester , New York. 

I 03 ,1 05Ru STATES OBSERVED IN THE REACTIONS ' " ̂  , ' °^ Ru(d, p) 
H. T. For tune , G. C Morr ison, J. A. Nolen, J r . , and P. Kienle 

Phys. Rev. C (January 1971) 

The (d, p) reaction on ' ° ^ RU and ' " * Ru has been studied 
at an incident deuteron energy of 14 MeV. Proton spectra were recorded 
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in a b r o a d - r a n g e magnet ic s p e c t r o g r a p h . T r a n s f e r r e d i v a l u e s and 
p e c t r o s t o p . c fac tors w e r e obta ined by c o m p a r m g the m e a s u r e d a n g u l a r 

d is t r ibu t ions with d i s t o r t e d - w a v e B o r n - a p p r o x i m a t i o n P - ^ - ' - ^ ^ , 
The low-lying levels of ' ° ' Ru a r e in good a g r e e m e n t wi h the r e s u l t s 
of a recent (d,t) study; in format ion on h ighe r l eve l s of ' » ' Ru and on 
al l levels i n ' O ' R u i s new. T h e r e is good c o r r e s p o n d e n c e b e t w e e n 
s t rongly excited levels in the two i s o t o p e s , a l though t h e r e is e v i d e n c e 
of a higher level dens i ty in ' O ' R U . The s u m m e d s p e c t r o s c o p i c f a c t o r s 
give informat ion on the extent of fill ing of the n e u t r o n o r b i t a l s m t h e 
t a r g e t s , and these r e s u l t s a r e in r e a s o n a b l e a g r e e m e n t wi th r e s u l t s f r o m 
the (d,t) reac t ion and for o ther nuc le i in th i s r e g i o n . 

AN APPARATUS FOR "CHANNELING" E X P E R I M E N T S 
D. S. Gemmel l and J . N. Worth ington 

Nucl. I n s t r . Methods (1970) 

A desc r ip t ion is given of an a p p a r a t u s for u s e in m e a s u r e ­
ments on channeling and r e l a t e d effects s e e n in the p a s s a g e of c h a r g e d 
pa r t i c l e s through single c r y s t a l s . The s y s t e m f e a t u r e s good a n g u l a r 
reso lu t ion , sui tabi l i ty of use for m a n y di f ferent t y p e s of e x p e r i m e n t , 
and computer control of the g o n i o m e t e r and d e t e c t o r m o t i o n s a s •well 
as of the data acquis i t ion and a n a l y s i s . Some e x a m p l e s of da t a r e c o r d e d 
with the sys tem a r e p r e s e n t e d . 

INTERPRETATION OF PHOTOIONIZATION T H R E S H O L D BEHAVIOR 
Paul M. Guyon and Joseph Be rkowi t z 

J. Chem. P h y s . (15 F e b r u a r y 1971) 

Analyt ica l e x p r e s s i o n s a r e d e r i v e d for t r e a t i n g t h e 
threshold regions of pho to ion iza t ion-e f f i c iency c u r v e s . The e f fec t s 
of slit width, the ini t ia l t h e r m a l e n e r g y of the m o l e c u l a r s y s t e m , a n d 
Franck-Condon fac tors a r e c o n s i d e r e d . In the d i s s o c i a t i v e i o n i z a t i o n 
of smal l molecu les such a s F^ and HCN, d i s c r e p a n c i e s can a r i s e f r o m 
failure to take these fac to r s into accoun t . It i s a l s o shown t h a t for 
large polyatomic m o l e c u l e s , the u s e of a W a t a n a b e - t y p e plot to d e t e r m i n e 
the adiabatic ionization poten t ia l can l ead to l a r g e e r r o r s . T h e p a p e r 
concludes with deta i led app l i ca t ions to H F , O, , S, , S e , , T e , , S, , a n d 
^ 8 , and some genera l o b s e r v a t i o n s a p p l i c a b l e to the d i a t o m i c h a l o g e n s , 
hydrogen h a l i d e s , and a lka l i h a l i d e s . 
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ISOMER SHIFTS OF THE FIRST AND SECOND EXCITED LEVELS 
OF THE GROUND-STATE ROTATIONAL BAND IN ' " Yb 

W. Henning, G. M. Kalvius,''" and G. K. Shenoy* 
Phys. Rev. (December 1970) 

The i somer shifts of the 66. 7-keV | " - f" and the 75. 9-keV 
I -* I gamma transi t ions of the •|[521] ground-state rotational band 
in 1 '" Yb have been investigated, using the Mossbauer effect. F rom the 
observed shifts, the ratio of change in mean square charge radii for the 
two excited s tates was found to be 

A(r2>(76)/A(r2 )(67) = -1-0.42 ± 0. 20. 

The decrease of A< r^ ) for higher rotational excitation is in disagreement 
with simple collective theory, and is discussed in t e rms of nonadiabatic 
effects. 

F rom the observed magnetic hyperfine splitting, we 
also deduced the ratio of nuclear g factors 

g(76)/g(0) = -1-0. 411 ± 0. 002. 

This value is in excellent agreement Avith an ear l ie r measurement and 
has been used, together with other recent data on all magnetic parameters 
of the i [ 5 2 1 ] band, in discussing the spin-polarization effects. The 
mixing rat io 6^ o f t h e M l / E 2 , 66. 7-keV y transition in ' ' " Yb was 
redetermined, correct ing carefully for finite absorber effects. The 
new result is 

6^ = 0. 36 ± 0. 04. 

Solid State Science Division. 

'• 'Y STATES POPULATED BY SINGLE-PROTON STRIPPING 
J. V. Maher , J. R. Comfort, and G. C Morrison 

Phys. Rev. C (February 1971) 

The " S r C He, d)^''Y reaction was studied at a laboratory 
beam energy of 20 MeV to test the possible closed-subshell behavior 
of the 38-proton configuration. The ground-state Q value is found to 
be 0. 346 ± 0. 015 MeV. Several new states were identified below an 
excitation energy of 3. 45 MeV. A distorted-wave analysis was used 
to assign i values for the stripping t ransi t ions. Spectroscopic strengths 
agree well with sum-ru le expectations for the 2p, If, and Ig.̂  y, 
configurations. Comparison with the resul ts of Picard and Bassani 
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K, AND K, AS SHELL-MODEL EIGENSTATES II 
K. W. McVoy and W. J. Romo 

Ann. Phys. (N. Y. ) 

The Wigner-Weisskopf mass matr ix for the neutral 
K meson system has two right and two left eigenstates. The relations 
of ^ r s r s t J t e s to each other, to the eigenstates of the ^ - e H a - i l t ° m a n , 
and to the symmetry properties of the system are ^ - c u s s e d in detaij^ 
The generalization to the case of three overlappmg resonances is worked 
out as well. 

ON THE REPULSION OF SLOW NEUTRONS BY ATTRACTIVE POTEN­
TIALS 

M. Peshkin and G. R. Ringo 
Am. J. Phys. (1971) 

A naive calculation of the scattering of slow neutrons 
by an attractive square-well potential gives a distribution of scat ter ing 
amplitudes that agrees rather well with available measured amplitudes 
for thermal neutrons. 

THE MOSSBAUER EFFECT IN DILUTE ALLOYS OF IRON IN ALUM­
INUM 

R. S. Preston and R. Gerlach 
Phys. Rev. B 

The Mossbauer spectrum of dilute alloys of ^ ' 'Fe in 
aluminum has been studied. In the concentration range from 0. 05 
to 1.2 at.% Fe, the spectrum consists partly of a single-line com­
ponent due to Fe in solid solution in aluminum metal and part ly of a 
multiple-line component associated with Fe in Fe^Al , . These two 
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components can be distinguished from each other by the differences in 
their behavior when either concentration or tennperature is varied. 
In the course of this investigation we achieved some understanding of 
two peculiar observations that had led us to undertake this study. 
(1) Bara et al . had obtained a succession of unusual spectra for excited 
5''Fe nuclei formed by the decay of ^ ' C o which had been diffused into 
aluminum metal . We can explain their resul ts on the assumption that 
the 5 •'Co first went into solid solution in the aluminum, was then con­
verted to metal l ic cobalt during further heat t r ea tments , and finally 
became oxidized. (2) F r o m recoil- implanted ^ ' 'Fe in aluminum, 
Sprouse et al . had obtained a Mossbauer spectrum that appeared to 
consist of two poorly resolved, broad lines instead of the expected 
single, sharp line. We believe this modification of the spectrum must 
be attributed to radiation damage produced by the implantation of the 
5''Fe a toms. In the vicinity of the final position of each implanted atom, 
this damage is probably in the form of lattice vacancies. 

DISTORTED-WAVE ANALYSIS OF CHARGE-ASYMMETRY EFFECTS 
IN THE REACTION d(a , t ) 'He 

A. Richter* and C. M. Vincent 
Phys. Rev. Let ters (16 November 1970) 

The fore-aft asymmetry of the angular distribution for 
the reaction d(a , t ) ' He at 82 MeV is compased with the result of a simple 
dis tor ted-wave Born-approximation calculation. We find that if Coulomb 
effects a re included, the general features of the asymmetry can be 
reproduced. 

""On leave from the Max-Planck-Insti tut fur Kernphysik, Heidelberg, 
Germany. 

REACTION SYMMETRIES FOR MULTIPLET PRODUCTION 
D. Robson* and A. Richter''' 

Ann. Phys. (N.Y.) 

A theorem concerning nuclear reaction symmetr ies for 
isospin-mult iplet production involving complex nuclei is proved and 

'•'Florida State University, Tal lahassee , Florida. 

••"On leave from the Max-Planck-Insti tut fiir Kernphysik, Heidelberg, 
Germany. 
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A c c e p t e d P a p e r s 

v i o l a t i o n s genera l ized The gene ra l f o r m a l i s m of p o s s i b l e s y m m e t r y v i o l a t i o n s 
fs p r e s t t e d . E las t i c s c a t t e r i n g , m u l t i p a r t i c l e p r o d u c t i o n in the f ina l 
s at s y m m e t r y r e l a t i ons for p o l a r i z a t i o n s , and s u b s t r u c t u r e 

" m m e t ^ s a r e ' d i s c u s s e d within the f r a m e w o r k of the t h e o r e m It 
is shown that the t h e o r e m has an ex tens ion m the c a s e °/^-''lf^^ 
product ion involving e l e m e n t a r y p a r t i c l e s . It i s s tud ied b r i e f l y m the 
case of SU(3) and SU(n) m u l t i p l e t s . F i n a l l y , s o m e g e n e r a l r e m a r k s 
a r e made about a p p r o x i m a t e s y m m e t r i e s for m u l t i p l e t p r o d u c t i o n . 

CRYSTALS, SUPERCOOLED LIQUIDS, AND GLASSES IN F R O Z E N 

AQUEOUS SOLUTIONS 
S. L. Ruby and 1. Pelah''" 

M o s s b a u e r Effect Methodology , Vol. VI ( J a n u a r y 1971) 

Aqueous solut ions of HCl s e p a r a t e in to n e a r l y p u r e i c e 
and eutect ic "pocke t s " on cooling. The eu t ec t i c c o m p o s i t i o n i s n e a r 
HCl- 6H2O and should c r y s t a l l i z e below T = 200°K. H o w e v e r , t h i s 
m a t e r i a l is easy to supe rcoo l and even to m a k e into a g l a s s . If SnCl^ 
is added to the solut ion, a l l of the t in a p p e a r s in the e u t e c t i c p o c k e t s . 
We have used e l e c t r i c a l conduct iv i ty and d i f fe ren t i a l t h e r m a l a n a l y s i s 
as well as Mossbaue r s tudies to c la r i fy t h e s e p h e n o m e n a . The r m s 
d isp lacement of the t in a toms has been m e a s u r e d a s a funct ion of t he 
t e m p e r a t u r e of a l l t he se p h a s e s . To the extent to which g l a s s e s o r 
supercooled l iquids a r e s i m i l a r to o r d i n a r y s o l u t i o n s , t h i s e x t e n d s the 
Mossbauer technique to the study of ions in so lu t ion . 

Solid State Science Divis ion. 

MAGNETIC-DIPOLE TRANSITIONS IN THE (ird, /2)(vi., / , ) Q U A R T E T 
R. E. Segel , G. H. W e d b e r g , G. B . B e a r d , N. G. P u t t a s w a m y , 
and N. Wil l iams 

P h y s . Rev. L e t t e r s (9 N o v e m b e r 1970) 

The m e a n l ives of the s econd and t h i r d e x c i t e d s t a t e s 
m 40 K a r e (0.65 ± 0.15) X 10- '2 and_(1 .6 ± 0 .3) X 1 0 - ' 2 s e c , 
respec t ive ly . The r e l a t ive speeds of ' the t h r e e M l t r a n s i t i o n s b e t w e e n 
the four lowest s t a t e s a r e i ncompa t ib l e wi th t h e s e s t a t e s be ing p u r e 
('f 3 / j ) ' (v f ,^ , )—even if effective m o m e n t s a r e u s e d ; n e i t h e r s m a l l 
components of the mos t l ikely s h e l l - m o d e l i m p u r i t i e s n o r any p o s s i b l e 
E^.i^admixture improves the fit. A s i m i l a r s i t u a t i o n a p p e a r s to ho ld in 
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HYPERFINE MAGNETIC FIELDS IN USb FROM MOSSBAUER SPEC­
TROSCOPY 

G. K. Shenoy,* G. M. Kalvius ,* S. L. Ruby, B. D. Dunlap,* 
M. Kuznietz,''- and F . P . Camposi" 

Int. J. Magnetism (October 1970) 

The hyperfine interaction in antiferromagnetic USb 
was investigated using the Mossbauer technique in both ' ^ ' Sb and 
2 ' ' U . A saturation hyperfine magnetic field of 170 ± 5 kOe was detected 
at the Sb nucleus. The presence of a unique field value at all the 
nonmagnetic anions is consistent with the type-I antiferromagnetic 
s t ruc ture , determined by neutron diffraction. The anion field per unit 
moment in USb is about four t imes the value found in the analogous 
compound UP. This ratio of the anion fields is shown to be about equal 
to the ratio of the atomic hyperfine fields of Sb and P. The hyperfine 
field at the U nucleus is 4500 ± 200 kOe. This value scales linearly 
with the ordered moment at the uranium when compared to UO, and 
the free U*'̂  ion. 

Solid State Science Division. 

Mater ia ls Science Division. 

MICROSCOPIC ANALYSIS AND IDENTIFICATION OF UNNATURAL-
PARITY STATES IN 5 8Ni 

M. M. Stautberg 
Phys. Rev. C 

A microscopic analysis of the inelastic scattering of 
17. 7-MeV protons from ^s^ i has been carr ied out. The angular 
distr ibutions of the states at 2.900 MeV (J = 1), 3.414 MeV (J = 3), 
and 3. 773 MeV (J = 3) a re best character ized by L = 2, L = 2 -I- 4, 
and L = 2 distorted-wave curves , respectively. These combinations 
of J and L values identify these as unnatural-pari ty s tates . The 
microscopic analysis used Hamada-Johnston and Gaussian real is t ic 
in terac t ions , a mixed-configuration ground s tate , and pure configura­
tions for the excited s ta tes . Exchange effects were considered in an 
approximate way. Comparison of the distorted-wave curves with the 
data indicates that the (p, j^i^ / , ) configuration is predominant in the 
2. 900-MeV state . 
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LIFETIME OF THE 981-keV STATE IN * Li 
M. J. Throop, * D . H. Youngblood,''' and G. C Morrison 

Phys. Rev. C (February 1971) 

The lifetime of the 981-keV state in ' L i produced in the 
D('Li, p)'Li''" reaction was measured by the two-backing variant of the 
Doppler-shift attenuation method. The resulting mean life was 
Tjjj = 10. 1 ± 4. 5 fsec. This result is in agreement with the shel l -model 
prediction of Cohen and Kurath, and also with that of Barker . The 
large error limits preclude a detailed test of either prediction. 

University of Iowa, Iowa City, Iowa. 

Texas A & M University, College Station, Texas. 
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JOURNAL ARTICLES AND BOOK CHAPTERS 

DIRECT REACTIONS ON ' ° Be 
D. L. Auton 

Nucl. Phys. A157, 305-322 (23 November 1970) 
P h . D . Thes i s , University of Chicago, Chicago, Illinois 
(29 August 1969) 

GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN ^ ' s i , 2? si , 
AND ' " S i 

G. B. Beard and G. E. Thomas 
Nucl. Phys. A157, 520-528 (1970) 

DIATOMIC IONS OF NOBLE GAS FLUORIDES 
J. Berkowitz and W. A. Chupka 

Chem. Phys. Let ters 7_, 447 (1970) 

A N T E N S O R F O R C E S F O R SCATTERING AND FOR THE A-PARTICLE 
BINDING IN NUCLEAR MATTER 

A. R. Bodmer, D. M. Rote ,* and A. L. Mazza* 
Phys. Rev. C2_, 1623-1648 (.November 1970) 

GAMMA RAYS FROM NEUTRON CAPTURE IN RESONANCES 
Lowell M. Bollinger 

Experimental Neutron Resonance Spectroscopy, edited 
by J. A. Harvey (Academic P re s s Inc. , New York, 1970), 
Chap. IV, pp. 235-345 

AVERAGE-RESONANCE METHOD OF NEUTRON-CAPTURE y-RAY 
SPECTROSCOPY: STATES OF ' ° ^ Pd, l56Gd, i58Gd, " ^ H o , AND 
" ' E r 

L. M. Bollinger and G. E. Thomas 
Phys. Rev. C2_, 1951-2000 (November 1970) 

LEVEL STRUCTURE OF ' ̂  « Sm AND ' 5 o gm FROM AVERAGE RESON­
ANCE NEUTRON CAPTURE 

D. J. Buss and R. K. Smither 
Phys. Rev. C2(4), 1513-1539 (October 1970) 

University of Illinois at Chicago Circ le , Chicago, Illinois. 
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STUDY OF ENERGY LEVELS OF 2 9s i 
D. Dehnhard'" and J. L. Yntema 

P h y s . Rev. C2^(4), 1390-1399 (October 1970) 

ISOMER SHIFTS OF THE FIRST AND SECOND E X C I T E D L E V E L S OF 
THE GROUND-STATE ROTATIONAL BAND IN ' " Yb 

W. Henning, G. M. Kalvius (Solid State S c i e n c e ) , and G. K. 
Shenoy (Solid State Science) 

P h y s . Rev. C£, 2414-2421 ( D e c e m b e r 1970) 

RADIATIVE DECAY OF d, / , -HOLE STATES 
R. E. Holland and F . J. Lynch 

P h y s . Rev. £ 2 ( 4 ) , 1365-1370 (Oc tober 1970) 

STATES IN ' 2 B OBSERVED IN THE SCATTERING O F NEUTRONS BY 
" B 

R. O. L a n e , t C E. N e l s o n , t J. L. A d a m s , t J . E . M o n a h a n , 
A. J. Elwyn, F . P . Moor ing , and A. L a n g s d o r f , J r . 

P h y s . Rev. £ 2 , 2097-2105 ( D e c e m b e r 1970) ' 

SPIN DEPENDENCE IN INELASTIC SCATTERING 
J. C. Legg ,* D. R. A b r a h a m , * J . L. Y n t e m a , R. C B e a r s e , 
and H. T. F o r t u n e 

P h y s . Rev. £ 2 , 1733-1737 (November 1970) 

f B R l ^ F H ^ i o R Y ' T r " " " LIVINGSTON, P A R T I C L E A C C E L E R A T O R S ; 

J. J. Livingood 

A m e r i c a n Scient i s t 58^, No. 1̂  118 (1970) 

Phys . Rev. C2, 1725-1728 ( N o v e m b e r 1970) 

ISOSPIN NONCONSERVATION IN THE ^^sUd n 1̂ 6 .n 

A. R ich t e r , L. M e y e r - S c h u t z m e i s t r,' i ' C S°foilz'fL=' ^ ^ , ^ " ^ ° ^ 
D- von Eh rens t e in S to l t z fus , and 

- _ ^ ; ^ y ^ ^ _ R e v ^ ^ i ( 4 ) ^ 3 6 1-1364 (Oc tobe r 1970) 

^Univers i ty of Minneso ta , M i n n e a p o l i s , M i n n e s o t a 

^ Ohio Univers i ty , A thens , Ohio. 

^Kansas State Un ive r s i ty , Manha t t an , K a n s a s 

Harvard Univers i ty P i - e s s , C a m b r i d g e , M a s s a c h u s e t t s , 1969. 
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DISTORTED-WAVE ANALYSIS OF CHARGE ASYMMETRY EFFECTS 
IN THE REACTION d(a,t)3He 

A. Richter and C M. Vincent 
Phys. Rev. Let ters 25_, 1460-1463 (16 November 1970) 

THE QUEST FOR SUPERHEAVIES 
J. P. Schiffer 

Comments on Nuclear and Par t ic le Physics 4(2), 90 (1970) 

MAGNETIC-DIPOLE TRANSITIONS IN THE (irdj /2)(vf7/j) QUARTET 
R. E. Segel, G. H. Wedberg, G. B. Beard, N. G. Puttaswamy, 
and N. Williams 

Phys. Rev. Let ters 25_, 1352-1355 (9 November 1970) 

HYPERFINE MAGNETIC FIELDS IN USb FROM MOSSBAUER 
SPECTROSCOPY 

G. K. Shenoy (Solid State Science), G. M. Kalvius (Solid State 
Science), S. L. Ruby, B. D. Dunlap (Solid State Science), 
M. Kuznietz (Solid State Science), and F. P. Campos (Materials 
Science Division) 

Int. J. Magnetism j_(l), 23-28 (October 1970) 

RECOILLESS RESONANCE SPECTROSCOPY OF METEORITIC IRON 
OXIDES 

E. L. Sprenkel-Segel 
J. Geophys. Res. 7_5, 6618-6630 (10 November 1970) 

ISOBARIC ANALOG RESONANCES FROM PROTON SCATTERING 
ON THE BARIUM ISOTOPES 

N. Will iams, G. C Morrison, J. A. Nolen, J r . , Z. Vager, 
and D. von Ehrenstein 

Phys. Rev. C2^(4), 1539-1553 (October 1970) 

" 'B(a ,^L i )8Be REACTION AT 46 MeV AND THE CONFIGURATION OF 
THE ' " B GROUND STATE 

B. Zeldman, H. T. Fortune, and A. Richter 
Phys. Rev. £ 2 , 1612-1616 (November 1970) 
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R E P O R T S AT MEETINGS 

Methods and P r o b l e m s of T h e o r e t i c a l P h y s i c s , P r o c e e d i n g s of t h e 
Confe rence , B i r m i n g h a m , 4 -6 July 1967, ed i ted by J . E. Bowcock 
(North-Holland Publ ish ing Co. , A m s t e r d a m , 1970) 

GROUP THEORY AND T H E O R E T I C A L PHYSICS 
H a r r y J. Lipkin 

pp. 381-399 

Recent Developments in M a s s S p e c t r o s c o p y , P r o c e e d i n g s of t he 
In ternat ional Conference on M a s s S p e c t r o s c o p y , Kyoto , 8-12 S e p t e m b e r 
1969, edited by K. Ogata and T. Hayakawa (Un ive r s i t y P a r k P r e s s , 
B a l t i m o r e / T o k y o , 1970) 

MASS-SPECTROMETRIC STUDIES OF E F F E C T S C O N N E C T E D 
WITH MeV ION CHANNELING IN M E T A L MONOCRYSTALS 

M. Kaminsky 
pp. 1167-1172 

P r o g r a m of the Conference on Pho to ion iza t ion P h e n o m e n a and P h o t o -
e lec t ron Spec t roscopy , Un ive r s i t y of Oxford , 14-16 S e p t e m b e r 1970 
(Atomic and Molecu la r P h y s i c s S u b c o m m i t t e e of The I n s t i t u t e of P h y s i c s 
and The Phys ica l Socie ty , London, 1970) 

PHOTOELECTRON SPECTROSCOPY OF HIGH T E M P E R A T U R E 
VAPORS BY USE OF A CYLINDRICAL MIRROR A N A L Y Z E R 

J. Berkowi tz and R. Spohr 
P a p e r 43 

Division of Nuclear P h y s i c s , A m e r i c a n P h y s i c a l S o c i e t y , H o u s t o n , 
15-17 October 1970 

ELASTIC AND INELASTIC SCATTERING OF ' ^ N, ' ^ N AND ' ' O 
FROM 2 8 Si > '•^, ^-NiJ u 

K. O. Groeneve ld , A. R i c h t e r , R. H. S i e m s s e n , and 
G. Stoppenhagen 

Bull . Am. P h y s . Soc. ^ , 1676-1677 (1970) 

! ' " f j ™ ^ DEVELOPMENTS IN T H E E N E R G Y - L E V E L 
SIATISTIC A(n) 

J- E. Monahan and N. R o s e n z w e i g 
Bull . Am. P h y s . Soc. 15, 1668 (1970) 
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GAMMA-RAY TRANSITIONS IN « 6,4 7^1 
H. E. Siefken,* L. Meyer-Schii tzmeister , J. W. Smith, 
G. Hardie, ' ' ' and P. P . Singh* 

Bull. Am. Phys. Soc. |_5, 1673 (1970) 

IDENTIFICATION AND DISTORTED-WAVE ANALYSIS OF 
UNNATURAL-PARITY STATES IN 5 SNi 

M. M. Stautberg 
Bull. Am. Phys. Soc. 15, 1681 (1970) 

Division of Plasma Phys ics , American Physical Society, Washington, 
D . C , 4-7 November 1970 

RADIOFREQUENCY CONFINEMENT AND STOCHASTIC HEATING 
OF PLASMAS 

Albert J. Hatch 
Bull. Am. Phys. Soc. j_5, 1407 (1970) 

Division of Electron and Atomic Physics , American Physical Society, 
Seattle, 23-25 November 1970 

HYPERFINE STRUCTURE OF N d l * ' ' ' ^ ' 
W. J. Childs 

Bull. Am. Phys. Soc. J_5, 1521 (1970) 

LANDE g FACTOR OF 2 54p-jn 
L. S. Goodman, H. Diamond (Chemistry), H. E. Stanton, 
and M. S. Fred (Chemistry) 

Bull. Am. Phys. Soc. ^ , 1521 (1970) 

Division of Nuclear Physics , American Physical Society, New Orleans, 
23-25 November 1970 

REACTION SYMMETRIES FOR ISOSPIN-MULTIPLET PRO­
DUCTION 

A. Richter 
Bull. Am. Phys. Soc. j_5, 1317 (1970) 

"'Greenville College, Greenville, Illinois. 

^Western Michigan University, Kalamazoo, Michigan. 

^Indiana University, Bloomington, Indiana. 
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STUDENT REPORTS 

OPTICAL MODEL STUDIES OF HEAVY-ION SCATTERING EXPERI­
MENTS 

William R. Fuller 
CSUI-ANL student report to Trinity College, Hartford, 
Connecticut (Fall 1970) 

MULTI-WIRE PROPORTIONAL COUNTERS FOR POSITION AND ENERGY 
RESOLUTION 

J. C. Hayward, J r . 
CSUI-ANL student report to Wheaton College, Wheaton, 
Illinois (Fall 1970) 



Personnel Changes 

V. PERSONNEL CHANGES IN THE ANL PHYSICS DIVISION 

NEW MEMBERS OF THE DIVISION 

Resident Associate 

Dr. Ben Greenebaum, University of Wisconsin - Parkside, Kenosha, 
195 Wisconsin. Hyperfine structure of Pt. (Faculty 

Research Participation Program, ACEA affiliate.) 

Came to Argonne on 29 December 1970. 

Graduate Student (Thesis) 

Mr. Ea r l H. Sexton, State University of New York at Albany, New York. 

Working with A. J. Elwyn on polarization of neutrons 

from (p,n) react ions. (Resident Associate, Thesis 

Pa r t s P rog ram, ACEA affiliate. ) Came to Argonne 

on 16 December 1970. 

Graduate Student (Non-thesis) 

Mr. William C Wilkin, University of Chicago, Chicago, Illinois. 

Working with J. P . Schiffer on analysis of data. 

(Resident Student Associate. ) Came to Argonne on 

5 October 1970. 
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Scientific Assistant 

Mr. Peter A. R e - j o i n e d the Physics Division on 2 December 1970 

to work with G. J. Perlow. 

PART-TIME APPOINTMENT 

Dr. Gilbert J. Perlow became editor for the Journal of Applied Physics 

and Applied Physics Letters on 16 September 1970. 

DEPARTURES 

Mr. John D. Oyler, scientific technician, has been in the Physics 

Division since 11 April 1962. He terminated at ANL 

on 16 October 1970. 

Dr. Achim Richter, postdoctoral appointee from the Max-Planck-

Institut fur Kernphysik, Heidelberg, Germany, has 

been on the staff of the ANL Physics Division since 

2 December 1968. He has worked on nuclear - reac t ion 

and nuclear-structure studies at the tandem and cyclo­

tron. He terminated at ANL on 25 November 1970 to 

return to the Max-Planck-Institut. 
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